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Abstract  

Fire simulations as well as their analytical validation procedures have gained more and 

more significance, particularly in the context of the fire safety analysis for operating 

nuclear power plants. Meanwhile, fire simulation models have been adapted as analyti-

cal tools for a risk oriented fire safety assessment.  

Calculated predictions can be used, on the one hand, for the improvements and up-

grades of fire protection in nuclear power plants by the licensees and, on the other 

hand, as a tool for reproducible and clearly understandable estimations in assessing 

the available and/or foreseen fire protection measures by the authorities and their ex-

perts. For consideration of such aspects in the context of implementing new nuclear fire 

protection standards or of updating existing ones, an “International Collaborative Pro-

ject to Evaluate Fire Models for Nuclear Power Plant Applications” also known as the 

“International Collaborative Fire Model Project” (ICFMP) was started in 1999. It has 

made use of the experience and knowledge of a variety of worldwide expert institutions 

in this field to assess and improve, if necessary, the state-of-the-art with respect to 

modeling fires in nuclear power plants and other nuclear installations.  

This document contains the results of the ICFMP Benchmark Exercise No. 4, where 

two fuel pool fire experiments in an enclosure with two different natural vent sizes have 

been considered. Analyzing the results of different fire simulation codes and code types 

provides some indications with respect to the uncertainty of the results. This informa-

tion is especially important in setting uncertainty parameters in probabilistic risk studies 

and to provide general insights concerning the applicability and limitations in the appli-

cation of different types of fire simulation codes for this type of fire scenario and 

boundary conditions.  

During the benchmark procedure the participants performed different types of calcula-

tions. These included totally blind simulations without knowledge of the pyrolysis rate, 

semi-blind calculations with knowledge of this rate only, and completely open post-

calculations with knowledge of all experimental measurements. It has been demon-

strated, as expected, that the pyrolysis rate has a strong influence on the calculation 

results. This could be derived from the large differences in the quality of results be-

tween the few blind and ‘semi-blind’ or open calculations. The range of the results is 

much larger for the blind simulations compared to the semi-blind ones. This reduces 
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the reliability of the results in the event of fire simulation codes being applied e.g. in the 

frame of probabilistic risk analyses.  

The Benchmark Exercise has furthermore shown that the simulation of under-ventilated 

fires is more difficult for the fire simulation codes and that a highly transient fire behav-

ior leads to a wider range of the code simulation results. Compared to typical fire sce-

narios analyzed in the fire PSA the considered Benchmark Exercise is extreme in 

terms of thermal loads. This has to be considered for the assessment of the deviations 

between the simulation results and the experimental data.  
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Kurzfassung  

Brandsimulationen sowie deren analytische Validierung erhalten mehr und mehr Be-

deutung im Rahmen von Brandsicherheitsanalysen in Betrieb befindlicher Kernkraft-

werke. Mittlerweile sind Brandsimulationsmodelle als analytische Werkzeuge, welche 

sich insbesondere für risikoorientierte Brandsicherheitsbewertungen eignen, anerkannt.  

Die Verwendung rechnerischer Vorhersagen kann zum einen die Verbesserungen und 

Nachrüstungen des Brandschutzes durch die Betreiber aufzeigen, zum anderen aber  

auch als ein Hilfsmittel für reproduzierbare und klar verständliche Abschätzungen im 

Rahmen der Bewertung vorhandener bzw. geplanter Brandschutzmaßnahmen seitens 

der Genehmigungs- und Aufsichtsbehörden und deren Gutachter genutzt werden. Zur 

Berücksichtigung derartiger Aspekte auch bei der Umsetzung neuer oder der Erweite-

rung kerntechnischer Brandschutzregelwerke wurde ein so genanntes ’International 

Collaborative Project to Evaluate Fire Models for Nuclear Power Plant Applications 

auch bekannt unter ’International Collaborative Fire Model Project (ICFMP)’ im Jahr 

1999 initiiert, in welchem Erfahrungen und Kenntnisse einer Vielzahl von Experteninsti-

tutionen auf diesem Fachgebiet dazu genutzt werden sollen, den Stand von Wissen-

schaft und Technik auf dem Gebiet der Modellierung von Bränden für Anwendungen in 

Kernkraftwerken und anderen kerntechnischen Einrichtungen zu bewerten und, falls 

erforderlich, zu verbessern.  

Der nachfolgende Bericht beinhaltet die Ergebnisse des ICFMP Benchmark Exercise 

Nr. 4, bei welchem zwei Versuche zum Treibstofflachenbrand in einem Brandraum mit 

unterschiedlicher natürlicher Ventilation betrachtet werden. Die Analyse der Ergebnisse 

von Simulationsrechnungen mit unterschiedlichen Brandsimulationscodes und -

codearten gibt Hinweise in Bezug auf die Unsicherheiten der Resultate. Dies ist zum 

einen von Bedeutung für die Auswahl von Unsicherheitsparametern in probabilisti-

schen Sicherheitsanalysen. Zum anderen ergeben sich daraus Erkenntnisse hinsicht-

lich der Anwendbarkeit und Anwendungsgrenzen verschiedener Arten von Brandsimu-

lationscodes für solche Brandszenarien und die entsprechenden Randbedingungen.  

Im Verlauf des Benchmarks werden von den Teilnehmern unterschiedliche Arten von 

Simulationsrechnungen durchgeführt. Dabei handelt es sich um so genannte ’blinde’ 

Vorausrechnungen ohne Kenntnis der Pyrolyserate, um ’semi-blinde’ Rechnungen, bei 

welchen nur die Pyrolyserate bekannt ist, und um vollständig offene Nachrechnungen 

unter Kenntnis der Versuchsdaten. Wie erwartet, zeigte sich, dass die Pyrolyserate 
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einen erheblichen Einfluss auf die rechnerischen Ergebnisse hat. Dies zeigte sich ins-

besondere an den doch erheblichen Qualitätsunterschieden der Rechenergebnisse 

von den wenigen blinden im Vergleich zu den ‚semi-blinden’ bzw. offenen Rechnun-

gen. Die Bandbreite der Ergebnisse ist bei den blinden Vorausrechnungen erheblich 

größer als bei den semi-blinden, was zu höheren Ergebnisunsicherheiten bei Nutzung 

von Brandsimulationsrechnungen bei z.B. probabilistischen Analysen führt. Es zeigt 

sich weiterhin, dass die Simulation unterventilierter Brände für die Brandsimulationsco-

des erheblich schwieriger ist. Ein sehr instationäres Brandverhalten führt zu einer grö-

ßeren Bandbreite der Ergebnisse. Die betrachtete Benchmarkaufgabe ist in Bezug auf 

die thermischen Belastungen extrem im Vergleich zu den in Rahmen von Brand PSA 

betrachteten Szenarien. Dies ist bei der Betrachtung der Abweichungen der Simulati-

onsergebnisse von den experimentellen Werten zu berücksichtigen.  
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1 Introduction  

Fire simulations as well as analytical validation procedures have gained more and 

more significance, particularly in the context of fire safety analysis for operating nuclear 

power plants (NPPs). Fire simulation models have been developed as analytical tools 

for a risk oriented fire safety assessment.  

The use of calculated predictions could be considered, on the one hand, for improve-

ments and upgrades of the fire protection by the licensees and, on the other hand as a 

tool for reproducible and clearly understandable estimations in assessing the available 

and/or foreseen fire protection measures by the authorities and their experts. For con-

sideration of such aspects even in the frame of implementing new nuclear fire protec-

tion standards or upgrading existing ones, an “International Collaborative Project to 

Evaluate Fire Models for Nuclear Power Plant Applications” also known as the “Interna-

tional Collaborative Fire Model Project” (ICFMP)” was started in 1999, to make use of 

the experience and knowledge of a variety of expert institutions in this field worldwide 

to assess and improve, where necessary, the state-of-the-art with respect to modeling 

fires for application to nuclear installations/plants.  

Within the ICFMP project the following Benchmark Exercises have been performed:  

– Benchmark Exercise No. 1: Cable fire and thermal load on cables in a cable 

spreading room (theoretical) /DEY 02/;  

– Benchmark Exercise No. 2: Heptane pool fire in a large hall (experiment) and large 

oil fire in a turbine hall with 2 floor levels and horizontal openings /MIL 04/;  

– Benchmark Exercise No. 3: Heptane spray fire in a cable room to investigate ther-

mal loads on cables and cable trays (experiments) /MCG 06/;  

– Benchmark Exercise No. 4: Relatively large fuel pool fire with two variations of the 

door cross section area (experiments);  

– Benchmark Exercise No. 5: Fire spreading on vertical cable trays with variations on 

the pre-heating and cable material (experiments) /RIE 06/.  

In this Panel Report, Benchmark Exercise No. 4 will be discussed and the results of the 

different participants will be evaluated. The individual reports of the participants are 

presented as attachments.  
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The main objective of the experiments for Benchmark Exercise No. 4 was to analyze 

the thermal load on the structures surrounding a fire relatively large compared to the 

floor area and volume of the fire compartment. In several experiments the natural and 

forced ventilation has been changed to investigate the influence of oxygen depleted 

conditions on the fire. Both the thermal loads and the oxygen depleted conditions are 

somewhat difficult aspects to calculate. Therefore these experiments can contribute to 

the further improvement of fire codes. Additionally, the results give some insight con-

cerning the uncertainties of fire simulations of pool fires in an enclosure under the given 

boundary conditions. This information is important for the definition of uncertainty input 

parameters for PSA studies.  
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2 Specification of Benchmark Exercise No. 4  

At iBMB (Institut für Baustoffe, Massivbau und Brandschutz) of Braunschweig Univer-

sity of Technology, a set of nine real scale fuel pool fire experiments has been per-

formed. The objective of these experiments was to systematically vary the major influ-

encing parameters on the burning behavior to derive standard fire curves (time de-

pendence of temperatures and heat flow densities at different distances from the fire 

source, burning rates, energy release rates and temperature loads) and to examine the 

dependence on the pool surface area, the fuel filling level and the ventilation condi-

tions.  

The fire compartment OSKAR of iBMB, an enclosure with a compartment floor size of 

3.6 m x 3.6 m = 12.96 m2 and a height of 5.7 m, was used for the pool fire test series. 

This facility has 3 possible openings for the natural ventilation of the fire compartment. 

At the ceiling, the hot gases and smoke can be extracted and cleaned by a fan system 

with filters. During the experiments gas and surface temperatures, gas composition, 

velocities and heat flux densities were measured.  

2.1 Review of Previous Related Work within the ICFMP Project  

In this section, the relation of Benchmark Exercise No. 4 to the previous Benchmark 

Exercises is discussed.  

Looking to Benchmark Exercise No. 1, one result was the strong influence of the as-

sumed lower oxygen limit (LOL) on the calculated results /DEY 02/. Fig.  2-1 presents 

the calculated oxygen concentrations for the Benchmark Exercise No. 1, Part II base 

case. The results depend on the assumed parameter of LOL. The range of this pa-

rameter varied between 0 and 10 Vol.-%. The difference between calculations with the 

zone model MAGIC by different users, MAGIC-EDF (with 10 Vol.-%) and MAGIC-

CTICM (with 0 Vol.-%) are of special interest. The consequences of this parameter on 

the hot gas layer temperature (HGL) are shown in Fig.  2-2. In particular, the fire dura-

tion is predicted quite differently.  

The main difference between Test 1 and Test 3 in Benchmark Exercise No. 4 is the 

ventilation opening at the front wall, leading to oxygen depleted conditions in Test 3. 
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Therefore, this Benchmark Exercise gives some indications for the appropriate estima-

tion of the LOL value as well as for the simulation of oxygen depleted conditions.  

 

Fig.  2-1 Benchmark Exercise No.1, Part II base case - calculated oxygen concen-

trations  

 

Fig.  2-2 Benchmark Exercise No. 1, Part II base case - calculated HGL tempera-

tures  
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One of the main tasks of fire simulation codes applied within the ICFMP is the calcula-

tion of thermal loads to safety significant targets. These include electrical components, 

cable trays and wall structures. Benchmark Exercise No. 3 shows, that this topic should 

be further improved /MCG 06/.  

In Benchmark Exercise No. 4 the relation between fire load and compartment floor area 

(267 MJ/m2) is quite high. This leads to some extent to a rather high thermal load on 

the wall structures. Different material types (concrete, aerated concrete and steel) have 

been investigated in these experiments. In addition, a barrel type waste container with 

a rather complex material composition has been positioned close to the fire source. 

Therefore, the Benchmark Exercise No. 4 results can be used to evaluate the simula-

tion of the target by the fire codes.  

2.2 Specification of the Experiments  

This section contains the specification of the experiments delivered to the participants.  

2.2.1 Description of the Test Facility  

In the following, the OSKAR test facility of iBMB is described in detail.  

Geometry  

Fig.  2-3 to Fig.  2-6 show the test facility. It has a floor area of 3.6 m x 3.6 m = 12.96 m2 

and a height of 5.7 m. At the ceiling, there are two ventilation ducts with a width of 

0.42 m and a height of 1.03 m. The length of both ducts is approximately 3.625 m and 

leads to the fan system.  

In the center of the floor area a steel pan with a size of 4 m2 has been installed on a 

weight scale. The lower level of this pan has an elevation of about 0.36 m. The side 

walls are approx. 0.3 m high (Fig.  2-7). The weight loss of the liquid fuel was measured 

by the scale. To protect this measurement aerated concrete had been added to the fire 

compartment around this pan on the complete floor area up to an elevation of 0.6 m. 

The inner side of the large pan had been covered by a 0.05 m thick light concrete plate 

for protection. In the center of the large pan, a smaller pan of 1 m2 was placed. The 

bottom of this pan has an elevation of approx. 0.51 m. The height of the side walls is 
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Ventilation  

In the experiments considered only the front vent (door) was opened. The door is lo-

cated at the center of the front wall (x = 1.8; y = 0.). In Test 1, the door was completely 

open with a free cross section of 0.7 m x 3.0 m. The lower edge of the door is just 

above the aerated concrete at z = 0.6 m. In the Test 3, the opening was partly re-

stricted. The open (free) cross section was reduced to 0.7 m x 1.0 m and the opening 

started at an elevation of 1.6 m (1 m above the aerated concrete bottom surface).  

Although the FUCHS fan system extracting air from the top of the fire compartment 

was not in use, some velocity flow (measurements V11 and V12) could be measured, 

because the valves were not leak-tight. The values are specified below (Table  2-7 and 

Table  2-8).  

A hood had been installed above the open front door (Fig.  2-10). Using the oxygen 

consumption method the energy release could be estimated. The volume flow rates are 

given in Table  2-9 and Table  2-10.  

Infiltration  

All other vents were closed. However, some leakage area can be assumed in the lower 

part of the fire compartment. Due to the construction kit technique used, it is difficult to 

measure the leakage. A rough estimation of the leakage is about 0.05 m2 in the lower 

region of the facility.  

Wall Structures and Properties  

The following Table  2-1  gives information on the composition of the fire compartment 

wall structures.  
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Table  2-1 Composition of the wall structures   

Position Material Thickness [m] 

Concrete    0.30  
Floor 

Aerated concrete   0.60 (see Fig.  2-5) 

Light concrete   0.25  
Side walls 

Insulation   0.05 

Concrete   0.25  
Ceiling 

Insulation   0.05 

Light concrete    0.125  
Side walls channel 

Insulation   0.06 

Concrete    0.13  
Ceiling channel 

Insulation   0.07 

The properties of the different materials are:  

Table  2-2 Properties of the fire compartment materials  

Material Heat conductivity λ 
[W/mK] 

Heat capacity cp 
[kJ/kgK] 

Density ρ  
[kg/m3] 

Concrete 2.10 880    2400 

Light concrete 0.75 840    1500 

Aerated concrete (bottom) 0.11 1350      420 

Insulation 0.05 1500 100 

Targets  

Behind the large pan, a barrel type waste container typically used in nuclear facilities 

was installed. The center of the bottom of the barrel was located at (x = 1.8m, y = 3.2 

m, z = 0.6 m). This container had a diameter of 0.64 m and a height of 0.96 m. It was a 

double vessel container. The diameter of the inner barrel is 0.515 m (Fig.  2-12, Fig. 

 2-13) consisting of tinplate and is filled with styrene divinylbenzene copolymer with sul-
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Three different types of material probes were positioned on the right side of the fire 

compartment (x = 0 m). The materials are "aerated concrete", concrete and steel. The 

size of these elements is 0.3 m x 0.3 m (Fig.  2-11). For the concrete probes, the thick-

ness is 0.1 m, for the steel plate it is 0.02 m. The properties of the materials used are 

given in Table  2-3. The location of the center surface is given in Table  2-4.  

Table  2-3 Properties of the target materials   

Material Heat conductivity λ 
[W/mK] 

Heat capacity cp  
[J/kgK] 

Density ρ 
[kg/m3] 

Granulate (styrene)   0.233 1600 1000 

Tin plate 63 230 7280 

Concrete (between barrels)   2.1 880 2400 

Steel 44.5 480 7743 

Concrete (probe)   2.1 880 2400 

Aerated concrete   0.11 1350 420 

Table  2-4 Location of the material probes  

Material probe x [cm] y [cm] z [cm] 

Aerated concrete 8 65 170 

Concrete 8 190 170 

Steel 2 280 170 

Hood  

To measure the oxygen consumption of the fire, a hood in front of the front door was 

installed. The cross section of the hood is 2.9 m × 2.9 m = 8.41 m2 and the hood was 

positioned at the center of the front door just at the upper edge (at z = 3.6 m). A flexible 

soot apron of 1 m height was fixed at the hood inlet. Therefore, the lower edge of the 

hood apron is at z = 2.6 m. The scheme of the hood is shown in Fig.  2-9.  
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Fig.  2-3 3D view of the OSKAR fire compartment  

door
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Fig.  2-4 Top view of the OSKAR fire compartment  
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Fig.  2-5 Side view of the OSKAR fire compartment (in + y direction)  
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Fig.  2-6 Side view of the OSKAR fire compartment (in + x direction)  
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Fig.  2-7 Height of the fuel pan side walls and its elevations  

 

Fig.  2-8 View of the fire compartment through the front door   
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Fig.  2-9 Scheme of the hood above the front door   

 

Fig.  2-10 View onto the hood installed above the front door  
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2.2.2 Measurements Performed  

For measuring the temperatures inside the fire compartment, 3 mm-thick thermocou-

ples were used. These were not protected against flame radiation. The position of the 

thermocouples was fixed on a grid.  

To measure the surface temperatures, the measuring point was fixed with a 5 mm thick 

thermo-wire. In parallel, “coated thermocouples” with a diameter of 3 mm were used.  

To measure the temperatures of typical materials used at NPPs, three different types of 

material probes (concrete, aerated concrete, steel) were inserted into the fire compart-

ment (Fig.  2-11). The convective and radiative heat flow into the material probes were 

measured by water cooled heat transfer blocks. The coolant temperature was approxi-

mately 10 °C.  

Along three lines, the temperatures inside the barrel container were measured (M36 to 

M53). The location of these measurements is shown in Fig.  2-13.  

The velocity inside the plume, at the door and inside the fan systems were measured 

using bi-directional probes. The cross section area at the measurement positions V11 

and V12 is 0.4 m x 0.8 m, and at the velocity measurement position V13 inside the 

hood the diameter of the pipe was 0.4 m.  

To measure the gas concentrations and pressure, open pipes were routed to the out-

side of the fire compartment and connected to the measurement systems. The posi-

tions and nomenclature of the different measurements are shown in Fig.  2-3 to Fig.  2-6 

and in Table 2-5. 
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Table  2-5 List of measurements  performed  

Nomenclature  

WS = Heat flow density measurement 
M = Temperature measurement 
GA = Measurement of gas composition 
V = Gas velocity measurement 
P = Measurement of total pressure  
GV = Measurement of weight loss 

Measurement position Comment for 
Test 1 

Comment for 
Test 3 

Plume-temperature (x = 175, y = 195): 

M 1 (z = 100 cm)   

M 2 (z = 150 cm)   

M 3 (z = 240 cm)   

M 4 (z = 335 cm)   

M 5 (z = 430 cm)   

M 6 (z = 520 cm)   

Temperature inside fire compartment: 

Level 1: (z = 150 cm)   

M 7   (x = 275; y =   85)   

M 8   (x = 245; y = 345)   

M 9   (x =   95; y =   60)   

M 10 (x =   90; y = 280)   

Level 2: (z = 335 cm)   

M 11 (x = 275; y =   85)   

M 12 (x = 245; y = 345)   

M 13 (x =   95; y =   60)   

M 14 (x =   90; y = 280)   

Level 3: (z = 520 cm)   

M 15 (x = 275; y =   85)   

M 16 (x = 245; y = 345)   

M 17 (x =   95; y =   60)   

M 18 (x =   90; y = 280)   

Surface temperature 

Plates on the surface   

M 19 (x = 245; y = 360; z = 150)    

M 20 (x = 245; y = 360; z = 335)    
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M 21 (x =     0; y = 190; z = 170)   

"Coated thermocouples" on the  
 surface: 

  

M 22 (x = 245; y = 360; z = 150)    

M 23 (x = 245; y = 360; z = 335)    

M 24 (x =     0; y = 190; z = 170)   

Fuel temperature: 

M25 (x = 175; y = 195; z = 33)   

Material probes: 

“Aerated concrete” (plate 10 cm 
thickness) 

  

M26 (x = 2; y = 65;   z =.170) *)   

M27 (x = 5; y = 65;   z = 170)   

M28 (x = 8; y = 65;   z = 170) *)   

M29 (x = 10; y = 65; z = 170)   

Concrete (plate 10 cm thickness)   

M30 (x = 2; y = 190;   z = 170) *)   

M31 (x = 5; y = 190;   z = 170)   

M32 (x = 8; y = 190;   z = 170) *)   

M33 (x = 10; y = 190; z = 170)   

Steel (plate 2 cm thickness)   

M34 (x = 2; y = 280; z = 170)   

M35 (x = 0; y = 280; z = 170)   

Barrel type target (waste package): 

Upper level (z = 140)   

M36 (x = 180; y = 288;    z = 140)   

M37 (x = 180; y = 292;    z = 140)   

M38 (x = 180; y = 294.5; z = 140)   

M39 (x = 180; y = 299;    z = 140)   

M40 (x = 180; y = 310;    z = 140)   

M41 (x = 180; y = 320;    z = 140)   

Center level (z = 110)   

M42 (x = 180; y = 288;    z = 110)   

M43 (x = 180; y = 292;    z = 110)   

M44 (x = 180; y = 294.5; z = 110)   

M45 (x = 180; y = 299;    z = 110)   

17 



 

M46 (x = 180; y = 310;    z = 110)   

M47 (x = 180; y = 320;    z = 110)   

Lower level (z = 85)   

M48 (x = 180; y = 288;    z = 85)   

M49 (x = 180; y = 292;    z = 85)   

M50 (x = 180; y = 294.5; z = 85)    

M51 (x = 180; y = 299;    z = 85)   

M52 (x = 180; y = 310;    z = 85)   

M53 (x = 180; y = 320;    z = 85)   

Temperature measurement at velocity probe positions: 

Front door   

M54 (x = 180; y = 0; z =   80)  not used 

M55 (x = 180; y = 0; z = 140)  not used 

M56 (x = 180; y = 0; z = 180)   

M57 (x = 180; y = 0; z = 240)   

M58 (x = 180; y = 0; z = 280)  not used 

M59 (x = 180; y = 0; z = 340)  not used 

Door, right side not used 

M60 (x = 360; y = 210; z = 100)   

Door, left side not used 

M61 (x = 0; y = 335; z = 140)   

Fan system FUCHS (at ceiling) 

M62 (outside fire compartment) 

M63 (outside fire compartment) 

although valves are closed some 
flow has occurred 

Hood above open front door    

M64 (outside fire compartment)   

Heat flow density: 

WS 1 (x = 360; y = 150; z = 180)    

WS 2 (x =     0; y = 280; z = 170)    

WS 3 (x =     0; y = 190; z = 170)    

WS 4 (x =     0; y =   70; z = 170)    

Weight loss of kerosene: 

GV 1 (x = 180; y = 180; z = 0)   

Gas velocities: 

Centerline Plume   

V1 (x = 175; y = 195; z = 150)   
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V2 (x = 175; y = 195; z = 335)   

Door   

V3 (x = 180; y = 0; z =   80)   

V4 (x = 180; y = 0; z = 140)   

V5 (x = 180; y = 0; z = 180)   

V6 (x = 180; y = 0; z = 240)   

V7 (x = 180; y = 0; z = 280)   

V8 (x = 180; y = 0; z = 340)   

Door, right side not used, door closed 

V9 (x = 360; y = 210; z = 100)   

Door, left side not used, door closed 

V10 (x = 0; y = 335; z = 140)   

Fan system FUCHS   

V11 (outside fire compartment)   

V12 (outside fire compartment)   

Hood above open front door    

V13 (outside fire compartment)    

Gas composition: 

Fire compartment   

GA1 (x = 10; y = 190; z = 380)   

Hood above front door    

GA2 (outside fire compartment)    

Fan system FUCHS not used 

GA3 (outside fire compartment)    

Pressure: 

P1 (x = 110; y = 240; z = 540)   

P2 (x = 30;   y = 200; z = 280)   

*) corrected after performance of calculations and documentation  
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Fig.  2-11 View of the three material probes  

 

Fig.  2-12 View from top into the open barrel container  
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Fig.  2-13 Measurement positions inside barrel  

2.2.3 Experimental Procedure  

Procedure  

At the beginning of the experiments the pan was filled with fuel. In all experiments the 

fuel level was 0.1 m. Fig.  2-14 shows a typical composition of the fuel used with the 

chemical summary formula C11.64H25.29. Other fuel characteristics are outlined in Table 

 2-6.  
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Fuel Properties

n-octane
n-nonane
n-decane
n-undecane
n-dodecane
n-tetradecane
n-pentadecane
n-hexadecane

 

Fig.  2-14 Typical chemical composition of fuel  

Table  2-6 Fuel material properties  

Density [kg/m3] 810 

Heat capacity [J/kgK] 2400 *) 

Heat conductivity [W/mK] 0.109 *) 

Heat release [MJ/kg] 42.8 

*): values for dodecane taken  

To ignite the fuel pool, a cleaning rag soaked with liquid fuel was put at the corner of 

the pan. Then the outer end was ignited, so that the pool was then ignited. The dura-

tion of this process was approx. 30 to 60 s. The experiments ran until the fuel was 

burned down. In the Test 3, the cool-down behavior was measured for a time period of 

approx. 16 h.  

Ventilation  

In those tests considered for Benchmark exercise No. 4 the fan system was running. 

Although the valves on the top of the fire compartment should have been closed, some 

velocity (measurements V11 and V12) was measured. Due to these measurements 

some leakages from the ceiling of the fire compartment have to be assumed. Because 
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negative values were measured part of the time, the resulting volume flow through fan 

system is assumed to be  

 .  (3-1) ( )[ ]12V11V vv.,0max8.04.0V +⋅⋅=&

Table  2-7 and Table  2-8 contain the smoothed volume flow and velocity values for 

each experiment. 

Table  2-7 Smoothed values for the total volume flow and velocity through the FUCHS 

fan system (measurements V11 and V12) for Test 1   

Test 1 (V11 and V12) 

Time [s] Velocity v [m/s] Volume flow V  [m3/s]&

0.00 0.00 0.00 

150.00 0.00 0.00 

165.00 0.26 0.08 

180.00 1.38 0.44 

195.00 2.59 0.83 

210.00 4.12 1.32 

225.00 4.41 1.41 

551.00 6.82 2.18 

615.00 6.78 2.17 

666.00 6.64 2.13 

720.00 7.03 2.25 

859.00 6.01 1.92 

1011.00 4.92 1.57 

1245.00 3.41 1.09 

1405.00 1.36 0.43 

1650.00 0.45 0.14 

1800.00 0.19 0.06 
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Table  2-8 Smoothed values for the total volume flow and velocity through the FUCHS 

fan system (measurements V11 and V12) for Test 3   

Test 3 (V11 and V12) 

Time [s] Velocity v [m/s] Volume flow V  [m3/s]&

0.00 1.22 0.39 

37.00 1.22 0.39 

61.00 2.21 0.71 

88.00 2.33 0.74 

120.00 4.65 1.49 

195.00 5.06 1.62 

255.00 5.75 1.84 

1324.00 6.43 2.06 

1400.00 5.52 1.77 

1500.00 3.93 1.26 

1714.00 3.20 1.02 

To calculate the gas concentrations inside the hood above the open door, one has to 

know the velocity. Table  2-9 and Table  2-10 show the smoothed table values for the 

volume flow rate and the velocity (measurement V13).  
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Table  2-9 Smoothed values for the total volume flow and velocity through the hood 

(measurement V13) for Test 1  

Test 1 (V13) 

Time [s] Velocity v [m/s] Volume flow V  [m3/s] &

0.00 0.37 2.12 

15.00 0.39 2.24 

30.00 0.42 2.41 

45.00 0.39 2.26 

195.00 0.44 2.55 

210.00 0.55 3.20 

225.00 0.53 3.08 

240.00 0.55 3.20 

255.00 0.56 3.26 

405.00 0.57 3.30 

886.00 0.61 3.51 

1449.00 0.63 3.66 

1711.00 0.46 2.65 

1755.00 0.52 3.03 

1770.00 0.46 2.68 

1785.00 0.49 2.86 

1800.00 0.49 2.82 
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Table  2-10 Smoothed table values for the total volume flow and velocity through the 

hood (measurement V13) for Test 3  

Test 3 (V13) 

Time [s] Velocity v [m/s] Volume flow V  [m3/s] &

0.00 0.50 2.90 

37.00 0.52 3.00 

61.00 0.52 3.00 

211.00 0.53 3.06 

504.00 0.52 2.99 

1102.00 0.56 3.22 

1177.00 0.62 3.60 

1280.00 0.65 3.77 

1400.00 0.56 3.25 

1591.00 0.56 3.22 

1748.00 0.58 3.37 

Initial and Ambient Conditions  

The initial and ambient conditions are given in Table  2-11.  

Table  2-11 Initial and ambient conditions  

Description Name(s) Unit Test 1 Test 3 

Temperature in fire compartment M1 - M24 °C 18.9 24.7 

Temperature outside fire com-
partment 

 °C 18.9 18.9 

Fuel temperature M25 °C 18.3 19.0 

Material probe: gas-concrete M26 - M29 °C 17.2 25.6 

Material probe: concrete M30 - M33 °C 18.8 26.3 

Material probe: steel M34 - M35 °C 19.5 24.1 
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Description Name(s) Unit Test 1 Test 3 

M36, M42, M48 °C 18.8 32.3 

M37, M43, M49 °C 18.8 30.2 

M38, M44, M50 °C 18.8 31.1 

M39, M45, M51 °C 18.8 36.4 

M40, M46, M52 °C 18.8 43.3 

Barrel Target 

M41, M47, M53 °C 18.8 45.0 

Time of ignition  S 165 15 

Experiment 1 - velocity - hood and fan system (FUCHS) (V 11-13)
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Fig.  2-15 Test 1 - Measured velocities (V11 - V13)  
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Experiment 3 - velocity - hood and fan system FUCHS (V 11-13)
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Fig.  2-16 Test 3 - Measured velocities (V11 - V13)  
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3 Experimental Results  

The following section provides data and results from both experiments of the ICFMP 

Benchmark Exercise No. 4. The results have been made available to the participants of 

ICFMP in two steps. In April 2004, the pyrolysis rates of the fuel pool fires were re-

leased. Most of the results were delivered in May 2004. These results were presented 

during the 8th ICFMP Meeting at VTT in Finland /KLE 04/.  

The tests 1 and 3 are part of a total of 9 fuel pool fire tests at iBMB. Table  3-1 shows 

the test matrix. In the frame of these tests, the influence of openings as well as of the 

forced ventilation and the pool size on the thermal load has been investigated. In some 

tests large pool sizes compared to the fire compartment volume were used, leading to 

rather high temperature loads.  

Table  3-1 Test matrix of the iBMB fuel pool fire tests  

Test Pool area [m2] Openings [m2] Ventilation 

1 1 door: 3 x 0.7 no 

2 1 door: 2 x 0.7 no 

3 1 door: 1 x 0.7 (1 m above floor) no 

4 1 door: 1 x 0.7 (2 m above floor) no 

5 1 door: 2 x 0.7 (1 m above floor) 
sides: 0.6 x 0.7 and 0.6 x 1.2 

yes 

6 1 door: 2 x 0.3 (1 m above floor) 
sides: 0.3 x 0.7 and 0.4 x 1.2 

yes 

7 2 door: 3 x 0.7 
sides: 0.6* x 0.7 and 0.6 x 1.2 

yes 

8 2 door: 2 x 0.7 (1 m above floor) yes 

9 4 door: 2 x 0.7 (1 m above floor) yes 
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3.1 Summary of Test 1  

The fire compartment had a 3 m high opening at the front wall. The smoke was ex-

tracted via the ventilation in a natural way. The pool size was 1 m2 filled with 100 litres 

of fuel. To ignite the fuel pool, a cleaning rag steeped with fuel was placed on the edge 

of the pan. It took approx. 15 s until the whole surface area was burning. The duration 

of the fire was about 20 min. Fig.  3-1 shows the fully developed fire phase during the 

experiment.  

In Fig.  3-2, a thermo-graphic view of the temperature distribution inside the fire is pre-

sented. This has been recorded via the infrared camera at a 10 m distance from the 

front door.  

The measurements of the weight loss show a continuous decrease (Fig.  3-3). At about 

half-way through the test the measurement was defective. Until this time, the measured 

data may be used. From the pyrolysis rate, the energy release was estimated. The 

temperature distribution inside the fire compartment was relatively constant. The 

maximum temperature was about 800 °C (Fig.  3-4). The temperatures increased due to 

the heating of the compartment structure. The measurements of the heat flux into the 

walls are rather unsteady. But according to the temperature the heat flux increased 

with time. The evaluated heat flux is approx. 10 to 30 kW/m2 (Fig.  3-5). Heat fluxes in 

this range may lead to an ignition of cellulose products and PVC insulated cables. The 

temperatures inside the fuel are presented in Fig.  3-6. The measuring point was lo-

cated approx. 3 cm above the bottom of the pan.  
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Fig.  3-1  Fire development inside the fire compartment - Test 1, view through front 

door  

 

Fig.  3-2 Temperature distribution during the fully developed fire phase - Test 1, view 

through front door  
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Fig.  3-3 Weight loss - Test 1   

 

Fig.  3-4 Temperature distribution in measurement level 1 - Test 1  
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Fig.  3-5 Heat flux into material probes - Test 1  

 

Fig.  3-6 Measured fuel temperature 3 cm above pan bottom - Test 1  
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3.2 Summary of Test 3  

In comparison to Test 1, the opening at the front wall of the compartment was only one 

third of the size and started at 1 m above the floor of the fire compartment. All other 

conditions were quite similar to those of Test 1.  

The duration of the fire was about 22 min. Fig.  3-7 shows the temperature distribution 

inside the fire plume during the fully developed fire phase. The measurement of the 

weight loss shows a constant decrease in the initial phase (Fig.  3-8). During the last 

third of the test the fire changed from a fuel controlled state to a ventilation controlled 

one (Fig.  3-9), due to the increased pyrolysis rate and complete consumption of the 

oxygen available. In this phase of the test some erratic weight loss measurements oc-

curred with deviations of more than 80 kg. After the test, the measurement device was 

checked and found to work properly. Maximum temperatures of approx. 1000 °C were 

reached during ventilation controlled conditions (Fig.  3-10). The measured heat fluxes 

were between 10 and 60 kW/m2 with peaks up to 100 kW/m2 (see Fig.  3-11).  

The heating curves inside the inner barrel of the barrel type target are comparable for 

all tests. Fig.  3-12 illustrates the temperature progression at the medium level of the 

target. The temperature decrease over several hours is presented in Fig.  3-13.  

 

Fig.  3-7 Temperature distribution inside the fire - Test 3  
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Fig.  3-8 Weight loss - Test 3  

 

Fig.  3-9 Oxygen concentration in the fire compartment - Test 3  
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Fig.  3-10 Plume temperatures - Test 3  

 

Fig.  3-11 Heat flux into the test probe structures - Test 3  
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Fig.  3-12 Temperature distribution inside the barrel during Test 3  

 

Fig.  3-13 Temperature decrease after Test 3  

3.3 Conclusions  

In this section, some conclusions are drawn, partly regarding the results from the other 

tests listed in Table  3-1.  
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Ventilation  

In both tests, the smoke was extracted through the door vent. But as the measure-

ments show, some flow occurs also through the FUCHS fan system installed on top of 

the fire compartment. This volume flow has to be considered in the evaluation of en-

ergy balance. In the case of the natural (door) ventilation, the velocity through the door 

is between 2 and 6 m/s. This flow leads to some leaning of the plume towards the rear 

of the fire compartment. Larger openings lead to a higher convection heat loss through 

the openings. Regarding all experiments of this series, the largest temperatures occur 

in case of an optimum size of openings with minimum heat loss and enough oxygen 

being available, just before changing to ventilation controlled phases.  

Temperatures  

A pool fire with an area of 1 m2 did not completely fill the fire compartment which had a 

floor area of approx. 13 m2 and a volume of 76 m2 and an opening to the environment 

of area of 2.1 m2. Therefore, in Test 1 temperature variation with height could be ob-

served. In case of the smaller opening (Test 3) the temperature inside the fire com-

partment was much more homogenous.  

Heat Flux Density  

Four heat flux measurements were implemented at a height of about 1.7 m on opposite 

walls. They measured the total heat flux including convection and radiation. In all tests, 

the heat flux density increased due to the heating of the surrounding compartment 

structures leading to a higher reflection of heat. Due to the intensity of the pool fires a 

strong pulsation occurred in temperature of the burned gases. In addition, this was in-

fluenced by the entrance of fresh air leading to a relatively high oscillation in the meas-

ured heat flux densities.  

Oxygen Concentration  

The oxygen concentration inside the fire compartment was measured at an elevation of 

3 m above the floor. In the tests the concentration decreased to practically zero, indi-

cating the presence of ventilation controlled conditions.  
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4 Input Parameters and Assumptions  

For the Benchmark Exercise No. 4, it was intended to perform blind calculations with-

out knowing the pyrolysis rate or the other experimental results, semi-blind calculations 

(knowing only the pyrolysis rate) and open calculations with all data being available to 

the modelers. From the beginning, it was clear that performing blind calculations is a 

challenging task. But, on the other hand, this is a typical situation for real applications 

in nuclear power plants and installations. The deviations of the calculated results from 

the measured data provides some insights into the uncertainties of the results for such 

(somewhat extreme) situations, particularly due to the high heat release rate compared 

to the volume of the fire compartment.  

In the following section the major assumptions employed in performing the calculations 

are listed and discussed:  

Heat Release Rate  

The specified pyrolysis rate (used in the semi-blind and open calculations) is based on 

the measurement of the weight loss, which had some problems for Test 1 (weight loss 

data available until 850 s only) and Test 3 (containing positive gradients leading to 

negative pyrolysis rates). Therefore, some approximations and assumptions have been 

made influencing the results to some extent. Fig.  4-1 and Fig.  4-2 show the proposed 

smoothed pyrolysis rates compared to the raw measured data.  

LOL Value  

Main difference between the two tests is the cross section of the door opening. This 

leads to under-ventilated conditions in Test 3. Some codes have to specify the LOL 

value or it is fixed inside the program. A too high value for LOL reduces the accuracy of 

the predictions for Test 3. In case of high temperatures the entrained oxygen seems to 

be completely consumed by the combustion process.  
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Fig.  4-1 Smoothed pyrolysis rate for Test 1  

Pyrolysis rate for Test 3
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Fig.  4-2 Smoothed pyrolysis rate for Test 3  
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Ventilation  

In most cases, the ventilation was defined as it was described in the specification. 

Some participants decided not to simulate the ventilation system and the hood.  

Radiation Fraction  

The radiation fraction has to be defined by the user. Values about 40% have been 

used. In some calculations the radiation fraction is assumed to be released from the 

pan, possibly leading to different temperature loads on the targets.  

Targets  

The targets (three material probes) and the barrel type container are not always con-

sidered in the calculations. For the material probes (particularly for steel) one problem 

was the thickness. Furthermore, a backward heating was possible, which was not (and 

could not be) considered in any of the calculations. With respect to the barrel, the cy-

lindrical shape could not be modeled with some of the codes. In addition, the multi-

layer material composition could not be considered in all codes.  

Combustion Scheme and Yields  

The composition of the fuel was specified, but not the chemical reaction itself. There-

fore, the user had to specify the yields and to decide if the combustion is complete or 

not. In particular for Test 3, the input may have an impact on the results, due to the 

under-ventilated condition and production of CO and soot.  

Grid Size  

For CFD (computational fluid dynamics) codes the user has to specify the grid size. 

The cell size used in FDS /MCG 04/ with a width of approx. 10 cm is somewhat larger 

than the cell size used in CFX-5.7 /CFX 04/. The choice of suitable grid size will de-

pend on the type of CFD model (e.g. RANS of LES) and the numerical schemes em-

ployed.  

Air Entrainment  

For zone models, the simulation of the air entrainment (the plume mode) seems to be a 

key parameter, as this effects the available oxygen for the combustion.  
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5 Comparison of Code Simulations and Experimental  
Results  

For Benchmark Exercise No. 4 full blind calculations (without knowing the pyrolysis 

rate), semi-blind calculations (knowing pyrolysis rate) and full open calculations have 

been performed. Table  5-1 lists the participants for this Benchmark Exercise, the fire 

codes used, type of analysis and the reference to the Appendix provided by the partici-

pant. A summary of the performed calculations is provided below.  

Table  5-1 List of fire simulations performed within Benchmark Exercise No. 4  

Participant Fire Code Code Type Tests Type of 
Analysis 

Appen-
dix 

K. McGrattan, 
NIST 

FDS   zone 1 & 3 blind, semi-
blind 

A 

S. Miles, BRE JASMINE CFD 1 & 3 blind, semi-
blind, 

open (3 only) 

B 

 CFAST zone 1 & 3 semi-blind B 

M. Dey, USNRC FDS CFD 1 & 3 semi-blind C 

 CFAST zone 1 & 3 semi-blind C 

T. Elicson (Fauske) FATE zone 1 & 3 open D 

L. Rigollet (IRSN) FLAMME-S zone 1 & 3 open E 

M. Heitsch (GRS) CFX CFD 1 & 3 open F 

W. Brücher (GRS) FDS CFD 3 open G 

B. Schramm (GRS) COCOSYS LP 1 & 3 open H 

V. Nicolette (SNL) VULCAN CFD 3 open I 

B. Gautier (EdF) MAGIC zone 1 & 3 open J 
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5.1 Blind Calculations  

5.1.1 FDS (CFD Code) Applied by K. McGrattan (NIST, USA)  

FDS Code Description and Input  

In cooperation with the fire protection engineering community, a computational fire mo-

del, Fire Dynamics Simulator (FDS) /MCG 04/, has been developed at the National 

Institute of Standards and Technology (NIST) in the USA to study fire behavior and to 

evaluate the performance of fire protection systems in buildings. The software was re-

leased into the public domain in 2000, and since then has been used for a wide variety 

of analyses by fire protection engineers. Briefly, FDS is a computational fluid dynamics 

code that solves the Navier-Stokes equations in low Mach number, or thermally ex-

pandable, form. The transport algorithm is based on large eddy simulation techniques, 

radiation is modeled using a gray gas approximation and a finite-volume method is 

used to solve the radiation transport equation. Combustion is modeled using a mixture 

fraction approach, in which a single transport equation is solved for a scalar variable 

representing the fraction of gas originating in the fuel stream.  

The dimensions of the grid were 36 by 72 by 56, and the cells were exactly 10 cm in 

size throughout. All objects within the computational domain were approximated to the 

nearest 10 cm. The decision to use a 10 cm grid was based on the observation that the 

ratio of the fire’s characteristic diameter D* to the size of the grid cell dx is an indicator 

of the degree of resolution achieved by the simulation. D* is given by the expres-

sion 5/2
•

)/( gTcQ p ∞∞ρ , and was about 1 m for this series of fires. Past experience has 

shown that a ratio of 10 produces favorable results at a moderate computational cost.  

FDS performs a one-dimensional heat transfer calculation into an assumed homoge-

nous material of given thickness and (temperature-dependent) thermal properties. The 

compartment walls and ceiling were made of various types of concrete, the thermal 

properties of which were input directly into the model. It was assumed that the target 

slabs of concrete, aerated concrete, and steel were only exposed at the front surface, 

although the internal temperature measurements suggested otherwise. No attempt was 

made to model the barrel container at the rear of the compartment, due to its cylinder 

geometry and composition of different materials.  
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Some of the properties of the liquid fuel used in the tests were provided. For kerosene, 

the fuel properties of “dodecane” (C11.64H25.29) were input into the model with assumed 

soot and CO yields of 0.042 and 0.012, respectively. The current version of FDS did 

not adjust the soot or CO yield as a consequence of reduced compartment ventilation 

or combustion efficiency. The assumed heat of vaporization and boiling temperature: 

256 kJ/kg and 216 °C, respectively, were important input values for the simulation. For 

the blind calculations the fire was simulated by including in the simulation a small, hot 

block that heated up the surface of the pool until the fire was self-sustaining, after 

which the block literally disappeared from the calculation. FDS predicted the radiative 

and convective heat flux from the fire to the fuel surface, and the evaporation of the fuel 

according to the Clausius-Clapeyron equilibrium pressure of the fuel vapors above the 

pan.  

FDS uses a finite volume method to solve the radiation transport equation in the gray 

gas limit. By default, the radiation from the fire and hot gases is tracked in 100 direc-

tions, which is adequate to predict the radiation heat flux to nearby targets.  

The ventilation rates for all the compartment fans and hood were input directly into the 

model.  

Code Results  

For blind calculations only the heat release has been discussed. For Test 1, the pre-

dicted heat release rate (HRR) rose very quickly to about 3 MW following ignition, fol-

lowed by a gradual rise over 15 min as the compartment heated up and the increased 

thermal radiation from the hot upper layer led to an increased burning rate (Fig.  5-1). 

The measured HRR did not exhibit the rapid rise, taking several minutes to grow to 3 

MW and then gradually increasing at a rate comparable to the prediction. The reason 

for the discrepancy is that FDS uses a mixture fraction model of combustion. Briefly, 

the evaporated fuel burns readily with oxygen when mixed to the appropriate ratio, re-

gardless of temperature. Thus, FDS did not simulate properly the spreading of the fire 

across the pan; rather it predicted an almost instantaneous involvement of the entire 

fuel surface.  

In Test 3, FDS over-emphasized the effect of the small compartment opening (Fig. 

 5-1). Initially, it predicted the same rapid growth as it had in Test 1, but then the fire 

consumed the available oxygen, and the fire died down, decreasing the burning rate. 
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Test 3, Heat Release Rate
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Fig.  5-1 Measured and predicted (blind) heat release rates for Tests 1 and 3 (from 

Appendix A)  
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5.1.2 JASMINE (CFD Code) Applied by S. Miles (BRE, UK)  

Blind calculations (prior to the dissemination of the experimentally measured fuel mass 

release rate) were conducted for Tests 1 and 3 with JASMINE Version 3.2.3 /COX 87/. 

One important purpose of these blind simulations was to examine how realistic predic-

tions could be made for gas temperatures, fluxes etc using a simple, empirical expres-

sion for fuel pyrolysis rate.  

JASMINE Code Description and Input Assumptions  

JASMINE solves the Reynolds-Averaged Navier Stokes (RANS) equations of fluid flow 

on a single-block Cartesian grid. The coupled set of equations for each of the three 

Cartesian velocity components, enthalpy (heat) and other scalars required by the vari-

ous sub-models (e.g. fuel mass and mixture fractions for combustion) is approximated 

as a system of algebraic equations that are solved numerically on a discrete grid. This 

generates a solution value for each variable at each grid location. JASMINE uses the 

finite volume method, where the differential equations are first transformed into an inte-

gral form and then discreticizsed on the control volumes (or cells) defined by the nu-

merical grid. This solution procedure is coupled with a variant of the SIMPLE pressure-

correction scheme. Transient solutions are generated by a first-order, fully-implicit 

scheme. A standard κ-ε turbulence model with additional buoyancy source terms was 

used. Standard wall functions for enthalpy and momentum describe the turbulent 

boundary layer adjacent to solid surfaces.  

In the benchmark exercise combustion was modeled using the eddy break-up sub-

model in which the fuel pyrolysis rate is specified as an input boundary condition. Re-

action (oxidation) is calculated at all control volumes as a function of fuel concentration, 

oxygen concentration and the local turbulent time-scale. A simple one-step, infinitely 

fast chemical reaction is assumed. Complete oxidation of the fuel is assumed where 

sufficient oxygen is available. The effect of oxygen concentration on the local rate of 

burning may be incorporated by setting oxygen and temperature limits which define 

'burn' and 'no burn' regions. For the blind simulations no oxygen concentration limit was 

specified, i.e. there was only a 'burn' region.  

A fuel source area of 1 m2 and a heat of combustion of 4.28 x 107 J kg-1 were used in 

all calculations. For the blind calculations a fixed fuel pyrolysis rate was assumed from 

60 s after ignition (increasing linearly to this value over the first 60 s). A value of 
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0.039 kg s-1 was chosen, based upon published engineering information. The sensitiv-

ity to reducing this value to 0.0234 kg s-1 was investigated.  

Radiant heat transfer is modeled with either the six-flux model, which assumes that 

radiant transfer is normal to the co-ordinate directions, or the potentially more accurate 

discrete transfer method. All blind calculations were performed using the six-flux radia-

tion model. Local absorption-emission properties are computed using a mixed grey-gas 

model, which calculates the local absorption coefficient as a function of temperature 

and gas species concentrations. As soot was not modeled in this benchmark exercise, 

only CO2 and H2O acted as participating media in the radiation calculations.  

Where soot is not explicitly modeled, its influence on the overall energy budget may be 

incorporated, somewhat crudely, by reducing the heat release rate of the fire, i.e. either 

the pyrolysis rate or the effective heat of combustion, by a fixed fraction. This is akin to 

the radiative fraction employed in zone models such as CFAST. The amount of heat 

then removed represents what could be expected to be 'lost' by radiation from the 

sooty flame region above the fuel source. The remainder of this heat is assumed to be 

convected into the rest of the compartment or, as a relatively small fraction, by radia-

tion from the plume region due to CO2 and H2O. Note also that of the heat convected 

into the compartment (from the fire source), some of this is subsequently radiated from 

the ‘smoke gases’ (due to CO2 and H2O).  

Thermal conduction into solid boundaries may be included by means of a quasi-steady, 

semi-infinite, one-dimensional assumption, which is appropriate for many smoke mo-

vement applications. Alternatively, the solution of the one-dimensional heat conduction 

equation into the solid is also available. The quasi-steady, one-dimensional assumption 

was employed in the blind calculations. The thermal properties of the concrete walls, 

floor and ceiling were included as specified.  

The dimensions of the compartment, doorway opening and exhaust ventilation duct 

were modeled exactly as in the problem specification. Only half the compartment was 

modeled, imposing symmetry at the x = 1.8 m plane, and using a numerical mesh of 

approximately 80,000 cells. A fixed numerical time-step of 2.5 s was employed in all 

simulations.  

Ventilation through the fan system was modeled as a time-dependent mass sink, set to 

a value corresponding to the experimentally measured volumetric flow rate.  
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The thermal response of the material probe targets and the heat flow densities (WS2, 

WS3 & WS4) was included in the JASMINE calculations. Furthermore, the wall surface 

temperatures at the locations of the plates/thermocouples (M19 etc) were calculated. 

While the blockage due to the barrel target was included, its thermal response was not 

modeled and so no comparisons were made with the barrel temperature measure-

ments.  

Further general information on JASMINE is provided in the Appendix B to this report.  

JASMINE Code Results  

Two sets of blind predictions were made for each of Test 1 and Test 3, one using a 

fixed fuel pyrolysis rate of 0.039 kg s-1 and the other a rate of 0.0234 kg s-1. These cal-

culations were performed only for the first ten minutes of the experiments.  

Comparisons between prediction and measurement were made for gas temperatures, 

oxygen concentration, door/wall vent velocities and compartment surface tempera-

tures. The blind predictions made with the higher value of the pyrolysis rate were closer 

to the experimental measurements than those made with the lower pyrolysis rate.  

Fig.  5-2 and Fig.  5-3 (from the Appendix B) show the gas phase and wall surface tem-

perature calculations for Test 3 using the two fuel pyrolysis specifications.  

The blind calculations using the higher fuel pyrolysis rate of 0.039 kg s-1 were quite 

encouraging considering the complexity of the physics involved. A simple engineering 

estimate of the pyrolysis rate was in this case sufficient to capture the main gas phase 

properties of the experiments. It was noted, however, that the transient effects due to 

changes in the pyrolysis rate due to the development of conditions inside the enclosure 

were not captured. Effects due to the feedback of radiation from soot particulates and 

the compartment walls are likely to be highly transient.  

A main discrepancy between the blind calculations and the measurements was in the 

doorway vent flow in Test 3, where in contrast to the flow being predominantly into the 

compartment as indicated in the predictions, the measurements suggest a more dis-

tinct two-way flow at the wall vent. This discrepancy may be due, in part at least, to the 

imposed exhaust flow at the mechanical ventilation duct in the JASMINE calculations 

forcing a significant amount of air into the compartment through the wall vent.  
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Fig.  5-2 Measured and predicted (blind) gas temperatures for Test 3 (from Appendix 

B)  
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Fig.  5-3 Measured and predicted (blind) wall surface temperatures for Test 3 (from 

Appendix B)  
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5.2 Semi-blind Calculations  

5.2.1 FDS (CFD Code) Applied by K. McGrattan (NIST, USA)  

FDS Code Description and Input  

(See paragraph  5.1.1)  

Code Results  

Assuming an uncertainty of 15 % for the heat release rate (HRR) an uncertainty of 

temperatures about 10 % can be concluded. In general, the difference between meas-

ured and predicted compartment temperatures in Tests 1 and 3 was within the uncer-

tainty bounds established by the prescribed HRR, but there were some exceptions, 

especially in Test 3. In making comparisons between model and experiment, the tem-

peratures were compared from 10 min onwards. Earlier in the tests, the measured 

temperatures exhibited a delay relative to the predictions, probably due to the thermal 

inertia of the thermocouples.  

Three plates were positioned on the side wall of the compartment, about 1.7 m above 

the floor. FDS did compute the inner temperatures of the slabs, and the temperatures 

decreased monotonically with depth since FDS considered the slab to back up to an 

ambient temperature environment. However, the measured temperatures did not de-

crease monotonically, either because of a measurement error or the slab might have 

been heated from behind. Sometimes the comparison of surface temperatures and 

heat flux with the experimental data was somewhat inconsistent. In some situations, 

the predicted surface temperature was more accurate than the predicted heat flux, 

suggesting either that the heat flux measurement was inaccurate, or that the model 

benefited from “two wrongs making a right”; that is, an under- or over-prediction in the 

heat flux was compensated by a comparable error in the surface properties or solid 

phase heat transfer calculation.  

FDS uses a mixture fraction combustion model, meaning that all gas species within the 

compartment are assumed to be functions of a single scalar variable. For the major 

species, like carbon dioxide and oxygen, the predictions are essentially an indicator of 

how well FDS is predicting the bulk transport of combustion products throughout the 
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space. For minor species, like carbon monoxide, FDS at the present time did not ac-

count for changes in combustion efficiency, relying only on a fixed yield of CO from the 

combustion product. In reality, the generation rate of CO changes depending on the 

ventilation conditions in the compartment.  

The quality of the calculated velocity depends strongly on the grid resolution at the door 

opening. The model used 10 cm grid cells, fine enough to compute the bulk tempera-

tures and flows within the compartment, but not fine enough to capture the steep gradi-

ent in horizontal velocity over the height of the doorway, especially in Test 3 where the 

door was resolved by just a few cells spanning the vertical dimension.  

Sensitivity studies have been performed using a double grid size. In general, there we-

re no significant degradations of the results using the 20 cm grid. Indeed, it appeared 

that the heat fluxes and surfaces temperatures were predicted more accurately with the 

coarse grid. The coarse grid tends to “smooth out” the temperature and heat flux fields, 

sometimes resulting in lower predicted values that are closer to the measured values. 

However, this “smoothing” of the temperature field more often leads to less accurate 

predictions. For example, consider the plume temperature predictions. The upper layer 

temperature predictions (M-3 and M-6) were not degraded on the 20 cm grid, but the 

lower level prediction (M-1) was significantly degraded due to the “smoothing” of high 

temperatures near the base of the fire.  
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Test 3, Back Room Temperatures
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Fig.  5-4 Gas temperature comparisons for Test 3 (from Appendix A)  
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5.2.2 FDS (CFD Code) and CFST (Zone Model) Applied by M. Dey (USNRC, 

USA)  

The following paragraph provides a comparison of semi-blind predictions by CFAST 

and FDS for the tests conducted for ICFMP Benchmark Exercise No. 4. CFAST Ver-

sion 3.1.7 and FDS Version 3.1.5 were used for the computations.  

The FDS code simulated Tests 1 and 3 successfully. The CFAST code simulated Test 

1 to the end of the specified transient, however, instabilities were noted. There were 

convergence issues in the CFAST simulation of Test 3. The simulation halted at about 

14 % to completion. CFAST is sensitive in cases with a high heat flux. The penetration 

of the thermal wave in the compartment floor and in less dense materials with low 

thermal conductivity poses numerical challenges for the CFAST code.  

CFAST Code Description  

CFAST is a widely used zone model, available from the National Institute of Standards 

and Technology (NIST), USA. It is a multi -room zone model, with the capability to 

model multiple fires and targets /JON 04/. Fuel pyrolysis rate is a pre-defined input, and 

the burning in the compartment is then modeled to generate heat release and allow 

species concentrations to be calculated. CFAST was used as a conventional two-zone 

model, whereby each compartment is divided into a hot gas upper layer and a cold 

lower layer. In the presence of fire, a plume sub-model (zone) transports heat and 

mass from the lower to upper layer making use of an empirical correlation. Flows 

through vents and doorways are determined from correlations derived from the Ber-

noulli equation. Radiation heat transfer between the fire plume, upper and lower layers 

and the compartment boundaries is included using an algorithm derived from other 

published work. Other features of CFAST relevant to the benchmark exercise include a 

one-dimensional solid phase heat conduction algorithm employed at compartment 

walls and targets and a network flow model for mechanical ventilation.  

FDS Code Description  

(See paragraph  5.1.1)  
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Input Assumptions for FDS and CFAST  

For both codes the pre-defined heat release rate was used. The use of prescribed heat 

release rates neglects the feedback effect between the fire and the compartment condi-

tions. Therefore, the use of prescribed HRRs will include some uncertainty due to the 

lack of complete simulation of the fire phenomena in the compartment. The given peak 

in the heat release rate for Test 3 and the assumptions made for Test 1 may lead to a 

larger source of uncertainty in the predicted results.  

The lower oxygen limit needs to be input to the CFAST code for the simplistic sub-

model for predicting the extinction of the fire. There was no value for LOL included in 

the specifications, allowing judgment from users to define the most appropriate value 

for the experiments. The specification of this parameter has a large effect on the pre-

diction of extinction and could be a large source of user effects, especially for under-

ventilated conditions. In FDS internal values are used, generally eliminating the need 

for user intervention.  

The barrel was not simulated in FDS or CFAST, due to its cylindrical geometry and 

multi-material configuration which cannot be modeled in the codes. Standard material 

properties have been used elsewhere.  

The radiative fraction of the fuel was not specified. The value of the radiative fraction 

available in the literature for n-dodecane was assumed for the analysis. This parameter 

was identified as a key parameter effecting fire compartment conditions in ICFMP 

Benchmark Exercise No. 2.  

The FUCHS fan system was simply modeled in CFAST and FDS with prescribed flow 

rates, without accounting for any feedback effects between the ventilation system and 

the compartment. Furthermore, the flow through the FUCHS system was assumed to 

be constant for the CFAST calculations as there is no direct means for providing input 

for varying ventilation flow rates in the code. The exhaust hood was not simulated in 

CFAST.  

Code Results of FDS and CFAST for Test 1  

The initial development of the HGL based on measured data seems erratic and may be 

due to discrepancies in the offset in the initiation of the transient. The measured data 
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shows the hot gas layer (HGL) interface reaches approx. 1.5 m at about 600 s. Both 

CFAST and FDS under-predict the steady state HGL interface height by 19 %.  

Both CFAST and FDS predictions follow the same trend of temperature increase of 

HGL as the experimental data, but with CFAST over-predicting the increase by a larger 

amount. Once reaching the end of the rapid increase at approx. 360 s, the increase in 

temperature is greater in the experiment than that predicted by both CFAST and FDS. 

This discrepancy may be due to smaller heat loss in the experiments due to the pres-

ence of insulation that was ignored in the code calculations.  

The O2 level at GA1-O2, located at 3.8 m above the floor in the HGL (top of door is at 

3.0 m), predicted by CFAST and FDS at the end of the transient phase is 8.9 % and 

5.7 %, respectively. The measured O2 level at the end of the transient is 13.5 %. Since 

the measured O2 level does not decrease much after approx. 465 s, there is potentially 

an error in the measured O2 level.  

FDS predicts peaks in the plume temperature at approx. 50 s. These peaks are ex-

plained by the plume development predicted by FDS. Observations of the plume pre-

dicted by FDS indicate a steady vertical plume until approx. 50 s when the plume is 

pushed to the rear wall by flow into the compartment through the door. This causes 

peaks in the thermocouples, M2, M4, and M6 which are located directly above the fuel 

pan. The experimental measurements do not indicate this extensive movement of the 

fire plume. The measured temperatures M7 to M10 of measurement level 1 show a 

rapid increase in temperature followed by a more gradual increase until the end of the 

transient. The temperature measured at M10 is much higher than that measured at M7, 

M8, and M9. This is due to the tilting of the fire plume toward M10. FDS also shows a 

rapid increase in temperature followed by large oscillations and unexpected trends. 

These oscillations may be caused by oscillations in the flow through the door predicted 

by FDS. The temperature predicted at M8 by FDS is highest since the code predicts 

the fire plume to be pushed more toward the rear wall. For higher levels the effect of 

plume tilt is not evident.  

The comparison of heat flux prediction with measured data poses several challenges. It 

is important that equivalent measures of flux are used in the comparison. The flux 

gauges in the experiments were cooled and maintained at a constant temperature (10 

°C). The CFAST and FDS codes normally output the net heat flux on targets based on 

the target temperature. These fluxes were reformulated to give to the incident radiative 
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heat flux and the convective heat flux to a block with a constant temperature of 10 °C. 

Even with this reformulation, an exact comparison is not possible due to the inability to 

exactly measure the calculated values from the models. CFAST significantly over-

predicts the heat flux with an uncertainty up to +215 %, whereas the uncertainties of 

the FDS predictions lie between 14 and 59 %. It should be noted that FDS predicts an 

increase in the heat flux toward the end of the transient phase, possibly due to the heat 

flux from the boundaries (walls etc) to the targets. This increase in heat flux toward the 

end of the transient phase is not observed in the measurements.  

Corresponding to the overestimation of the heat flux in CFAST the calculated surface 

temperatures are also too high. The uncertainties in FDS are between 7 and 28 %.  

The uncertainty of heat flux into the walls (WS3 and WS1) in the FDS calculation is 

about –45 %. The results for WS1 and WS3 are rather different, not observed in the 

experiment. The uncertainty of the surface temperature is about 26 %.  

Code Results of FDS and CFAST for Test 3  

The CFAST calculation crashed, so the results are not discussed here.  

The measured HRR increases rapidly to 1500 kW in approx. 50 s, and then increases 

more gradually reaching 2700 kW at 850 s. The HRR increases rapidly from this point 

to 6000 kW at approx. 1050 s before being extinguished. Although the measured HRR 

has been input to the FDS code the FDS internal calculation of the HRR decreases 

after the initial rise at approx. 50 s. Although the HRR calculated by FDS starts to in-

crease at about 200 s, it is less than the measured HRR. This may be due to the inter-

nal algorithm in FDS that inadvertently decreases the HRR for under-ventilated condi-

tions.  

FDS predicts the hot gas layer to develop and descend to about 0.6 m above the floor 

in approx. 90 s. The measured data shows the HGL interface starts to level to approx. 

1.6 m (bottom of vent) at about 95 s. FDS predicts that a steady state level is reached 

more quickly after the initial drop compared to experiment. FDS under-predicts the 

steady state HGL interface height by 24 %.  
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The FDS prediction is similar to experimental observation until 840 s at which point 

FDS predicts a rapid reduction in O2 level to 0 %, while experimental observation indi-

cates the O2 level reaches 0 % more gradually at approx. 1095 s.  

FDS predicts again that the flame is pushed significantly towards the rear wall by the 

flow of ambient air into the compartment through the door. Observations of the tem-

perature fields show that FDS predicts that the flow through the door pulsates with a 

period of approx. 2 s. This pulsating behavior was noted during the experiments. The 

pulsating flow through the door provides sufficient oxygen to the fire and prevents it 

from being under-ventilated.  

The plume temperature behavior is similar to Test 1 with an intermediate peak at about 

50 s. These peaks are explained by plume development predicted by FDS. But the 

experimental measurements do not indicate this extensive movement of the fire plume. 

The measured data shows the plume to be fully developed at approx. 180 s after which 

the plume temperatures increase to approx. 1000 OC without any intermediate peaks.  

The measured temperatures in the compartment at Level 1 for M7, M8, M9, and M10 

show a rapid increase followed by a more gradual increase until the end of the tran-

sient phase. The temperature measured at M10 and M8 is higher than that measured 

at M7 and M9. This is due to the tilting of the fire plume toward the back wall. The 

plume temperature at M10 is higher than at M8 indicating that the tilt is more toward 

M10, but not as far as M8. FDS also shows a rapid increase in temperature followed by 

oscillations and a gradual increase in plume temperature, caused by flow oscillations at 

door opening.  

The temperatures at higher levels (elevations) show a notable peak due to increased 

HRR at about 800 s. This was not simulated in the FDS calculations. The uncertainty 

was about 24 % to 33 %.  

The uncertainty and the problem in comparing the heat flux and surface temperature 

for the material blocks are similar to those reported for Test 1. The uncertainty values 

are about 70 % for the heat flux and 35 % for the temperatures.  
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Fig.  5-5 View of flame sheet output from FDS - Test 1 (from Appendix C)  

 

Fig.  5-6 Plume temperature (from Appendix C)  
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5.2.3 CFAST (Zone Model) and JASMINE (CFD CODE) Applied by S. Miles 

(BRE, UK)  

Semi-blind calculations were made for Tests 1 and 3 with CFAST Version 3.1.6 and 

JASMINE Version 3.2.3. The main difference with the blind calculations was that the 

fuel mass loss measurement data were available, from which the fuel pyrolysis rates 

had been derived, allowing a more accurate fuel source term to be specified in the cal-

culations. While most calculations had been conducted prior to the release of the other 

experimental measurements, some further calculations had then been conducted to 

explore various issues. The results of all these calculations are presented in detail in 

the Appendix B, and summarized below.  

CFAST Code Description and Input Assumptions  

CFAST is described above in paragraph 5.2.2. Version 3.1.6, without the FAST graphi-

cal user interface, was employed in all calculations. Additional information relevant to 

the application of CFAST to this Benchmark Exercise No. 4 is given below.  

The dimensions of the OSKAR fire compartment and the doorway ventilation openings 

were modeled as in the problem specification. The thermal properties of the walls, floor 

and ceiling were included by creating new user defined materials with the required 

(concrete) properties. Conduction losses to the room walls, ceiling and floor were in-

cluded, using the one-dimensional heat conduction sub-model.  

The ventilation through the fan system was modeled using a mechanical exhaust vent. 

A limitation was that a fixed value for the volume flow rate was required, i.e. the time-

dependent measured profile was not followed.  

The fire was treated as a constrained fire (i.e. oxygen controlled) with an area 1 m2, 

located at the center of the compartment at floor level. The fuel was modeled as kero-

sene, using a heat of combustion of 4.28 x 107 J kg-1. The time-dependent pyrolysis 

rate was set to that measured experimentally for the initial calculations, and was then 

adjusted in subsequent parametric calculations. For Test 1 two calculations were con-

ducted using a fixed fuel pyrolysis rate of 0.039 kg s-1, based upon published engineer-

ing information. This provided a comparison with the blind JASMINE calculations where 

the same pyrolysis specification had been used.  
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In all calculations a two-layer gas assumption was assumed inside the room, but the 

'ceiling jet' option was inactive. The radiative fraction was set to 0.3 in most calculations 

(0.6 was also investigated). While in most calculations the lower oxygen limit (LOL) 

was set to 0 %, it was adjusted to 10 % in some parametric calculations.  

A required approximation in CFAST is that targets are treated as rectangular slabs. 

Furthermore, heat conduction is modeled in one-dimension, i.e. in the direction of the 

surface normal. The surface temperature of the three material probes was calculated, 

with the target surface normal directed into the compartment (x-direction). The re-

sponse of the barrel target was not included in the CFAST calculations.  

JASMINE Code Description and Input Assumptions  

JASMINE is described above in 5.1.2. It was applied as described for the blind calcula-

tions with the main exception that the measured, transient fuel pyrolysis (or a fixed frac-

tion thereof) was used to specify the fuel source term. In addition the effect of employ-

ing the discrete transfer radiation model was investigated. The influence of applying an 

oxygen concentration limiter on the combustion process was also investigated for Test 

3. Furthermore, for Test 3 the consequence of reducing the imposed exhaust flow rate 

at the mechanical (FUCHS) duct by 50 % was explored.  

CFAST Code Results  

Appendix B presents details of the scenarios, for which converged CFAST simulations 

were achieved. Other parametric combinations were attempted for which a converged 

solution was not achieved, which is perhaps a consequence of the complex physics of 

the two experiments. The main observations and findings are summarized below:  

For Test 1, the choice of a radiative fraction of 0.6, coupled to the measured fuel pyro-

lysis rate, resulted in an upper gas layer temperature reasonably close to that meas-

ured. The layer height predictions, with the layer dropping to approximately 1 m, were 

perhaps less representative of the actual experiment. For Test 3, the upper gas layer 

temperature predictions were less encouraging, with an over-prediction in all paramet-

ric calculations undertaken. This was observed, in particular, in the earlier stage of the 

experiment. It should be noted that radiative fractions higher than 0.3, and up to 0.6, 

were attempted but that converged solutions were not then obtained. Fig.  5-7 (from 
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For Test 1, the calculated oxygen concentration appears reasonable. For Test 3, the 

calculated oxygen concentration, while dropping to zero, does so much more quickly 

than suggested by the experimental measurement. This is most likely coupled to the 

fact that too much burning, and associated gas temperature rise, was predicted in the 

calculation compared to the actual experiment. For Test 3, where the oxygen concen-

tration dropped to zero, whether the lower oxygen limit was set to 10 % or zero had 

very little influence on the calculated values.  

Surface temperatures and incident fluxes for Test 1 were reasonable for the two calcu-

lations using a fixed fuel pyrolysis rate of 0.039 kg s-1, but for the calculation using the 

measured pyrolysis rate they were notable higher than the measured values. Fig.  5-8 

(from Appendix B) illustrates wall surface temperature calculations for Test 1 using the 

measured and fixed (0.039 kg s-1) fuel pyrolysis specifications.  

Test 3 calculations for wall surface temperature were reasonably close to the experi-

mental measurements for all the parametric runs. Material probe surface temperatures 

and the heat flux densities were, however, over-predicted compared to measurement in 

all parametric runs. This may be due, in part at least, to three-dimensional geometry 

effects that cannot be captured using a zone model such as CFAST.  

The limitation that the flow rate through the mechanical exhaust was fixed in value, and 

did not vary according to the measurement data, probably had only a small conse-

quence.  
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Measured pyrolysis rate 
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Fig.  5-7 Measured and predicted (open) gas temperatures for Test 1 (from  

Appendix B)  
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Fig.  5-8 Measured and predicted (open) wall surface temperatures for Test 1 (from 

Appendix B)  
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JASMINE Code Results  

Appendix B presents details of the JASMINE calculations. These were conducted for 

the first 18 to 20 minutes of both experiments, after which time convergence problems 

were encountered. The main observations and findings from the JASMINE calculations 

are summarized below:  

The calculations for Test 1, using the fuel pyrolysis rate derived from the experimental 

measurements (actually 75% of the measured pyrolysis rate - to account for radiation 

losses due to soot), were judged encouraging. The main features of the gas tempera-

tures, doorway flows and radiation fluxes were captured quite well. The compartment 

temperature was arguably calculated to rise too quickly. Fig.  5-9 (from the Appendix B) 

compares gas temperature and doorway velocity predictions and calculations for 

Test 1.  

While for Test 3 the calculations were generally considered quite reasonable, there 

was however greater discrepancy with the measured data compared to Test 1. In par-

ticular, the direction of the wall vent flow was predicted to be predominantly into the 

compartment compared to the actual experiment which exhibited a more pronounced 

two-way flow. Simulations using 75 % of the measured fuel pyrolysis rate generated, 

on average, results closer to the measurements compared to using the full pyrolysis 

rate or 50 % of the rate. Recall here that the justification for adjusting the pyrolysis rate 

is to account, in the overall energy balance, the heat lost from radiating soot particu-

lates (not modeled in the JASMINE calculations), i.e. akin to the radiative fraction in a 

zone model such as CFAST.  

It had been suggested that the level of the imposed exhaust in Test 3 might be the pri-

mary reason for the JASMINE calculations indicating less outflow from the wall vent 

compared to that suggested by the experimental measurements. However, while in a 

parametric simulation to investigate the effect of reducing the imposed exhaust rate by 

50% the wall vent flow was then marginally more bi-directional, the overall effect was to 

reduce the level of agreement between predicted and measured temperatures and 

fluxes.  

For both experiments the calculated flux densities at WS2 and WS3 were judged over-

all to be, qualitatively at least, quite reasonable. However, as illustrated in Fig.  5-10 

(from Appendix B), the predicted flux density at WS4 (towards the front of the com-
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There was no significant influence on the calculated variables when invoking the addi-

tional oxygen limitation mechanism on the combustion sub-model. It is perhaps not too 

surprising that little difference was observed due to the high compartment tempera-

tures, as even with the additional oxygen limitation mechanism combustion still occurs 

if the local gas temperature is sufficiently high.  

The energy ‘budget’ has been calculated in the JASMINE simulations, and is quite in-

formative. Fig.  5-11 (from Appendix B) shows the energy budget for one of the Test 3 

calculations, and illustrates that both heat losses to the solid boundaries and heat con-

vected through the mechanical ventilation duct are significant.  

A general note from the JASMINE work is that the presence of soot, and the subse-

quent radiation absorption and emission, may have an important bearing on the gas 

temperatures predicted. This in turn influences the radiation fluxes significantly (bearing 

in mind the T4 dependency on radiant intensity), which then has a major influence on 

the conduction into the walls and targets and their temperature rise.  
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Fig.  5-9 Measured and predicted gas temperatures and door velocities for Test 1 

(from Appendix B)  
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Fig.  5-10 Measured and predicted flux densities for Test 1 (from Appendix B)  
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Fig.  5-11 'Energy budget' for a Test 3 simulation (from Appendix B)  

69 



 

5.3 Open Calculations  

5.3.1 FATE (Zone Model) Applied by T. Elicson (Fauske & Associates LLC, 

USA)  

The purpose of this benchmark exercise is to perform an integral validation of the 

FATETM 2.0 Computer Code fire models for use in nuclear power plants, fuel cycle fa-

cilities, and DOE (Department of Energy) material handling facilities. Calculations pre-

sented below have been performed with FATE Version 2.14 /PLY 04/.  

FATE Code Description and Input Assumptions  

The FATETM 2.0 Computer Code /PLY 04/ is used for this analysis. FATE, previously 

named HADCRT, is the successor code to the HADCRT computer program used in 

previous ICFMP activities. Specifically, FATE Version 2.14 is used in the following cal-

culations. FATE Version 2.14 contains upgrades to address fire modeling issues. FATE 

stands for Facility Flow, Aerosol, Thermal, and Explosion Model, for PCs and worksta-

tions. FATE 2.0 is used for design, off-normal, and accident analyses of nuclear and 

chemical facilities. General capabilities of FATE 2.0 include: Fire model, multi-

compartment thermodynamics including condensing species, arbitrary topology of flow 

paths, simulation of aerosol behavior including condensation, re-suspension, one-

dimensional heat transfer through multi-layer slab on cylindrical heat sinks, combus-

tion, thermal radiation networks, nuclear fuel and sludge models including chemical 

reactions. A more detailed description is given in Appendix D.  

The fire compartment is simulated with a single region including 14 heat sinks. The wall 

heat sinks are modeled as “strips” that circumscribe the room perimeter and extend 

vertically between the indicated elevations. The advantage to this approach is input 

and computational simplicity, while the limitation is that a single surface temperature is 

reported for the North, East, South, and West walls at each elevation.  

The doorway and the ventilation system are simulated by junctions and allow for buoy-

ancy driven counter current flow. In addition, in flows through the doorway are as-

sumed to be equally distributed between the smoky and lower gas layers, and, for Test 

3, air in the lower 1.6 m of the room is assumed to be available for entrainment and 

consumption in the fire.  
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Two targets are included in the FATE model. The first target is the concrete material 

probe with lower corner coordinates of x = 0.0 m, y = 1.9 m, and z = 1.7 m. The probe 

is modeled with a single vertical rectangular heat sink, heat sink 16, with dimensions 

0.3 m x 0.3 m x 0.1 m thick. This heat sink is divided into 20 nodes through the thick-

ness to allow one-dimensional conduction through the probe. In addition, the heat sink 

is included in the radiation heat transfer network; therefore the heat sink surface is sub-

jected to convective and radiative boundary conditions. The second target is the more 

complex barrel-type waste container. This target is divided azimuthally into four seg-

ments. The first three segments cover the cylinder half facing the fire, while the fourth 

segment is the entire back half side of the barrel facing away from the fire. Each seg-

ment height is equal to the height of the barrel. In addition, each of the four segments is 

represented as a composite heat sink consisting of three layers: an outer metal layer (5 

radial nodes), a middle concrete layer (20 radial nodes), and an inner styrene granulate 

fill layer (20 radial nodes). The tinplate that makes up the inner barrel is defined as a 

contact resistance between the concrete and styrene. Radial conduction is allowed 

between the layers, while azimuthal conduction is modeled only in the outer most steel 

layer. The outer metal surfaces are also included in the radiation heat transfer network.  

The given HHR were adjusted based on a 5-point moving average of the raw data and 

a delay based on the fuel ignition time. The fuel ignition time is taken as the time at 

which the heat sink temperatures begin to increase (160 s for Test 1 and 15 s for Test 

3). FATE input also requires specification of the combustion products yield. The com-

bustion yields used for input are based on real yields for high molecular 

weight/temperature hydrocarbons for well ventilated flaming fires.  

Code Results  

Test 1 is characterized by a kerosene fire with a steady state power in the range of 3 to 

3.5 MW, peak fan vent flows of 2 m3/sec, a doorway opening of 0.7 m by 3.0 m, and a 

multi-layer target in close proximity to the fire source. These conditions result in a flame 

that extends well into the smoky region and significant variation in temperatures across 

the x-y plane. As with other benchmark tests, the Benchmark Exercise No. 4 demon-

strates that the two most influential aspects of the input are the fire power and the room 

ventilation behavior. To follow the measured ventilation flow rates, which are decreas-

ing at the end of the experiment, the flow area as been adjusted from 0.176 m2 to 

0.0353 m2.  
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The measured flows were estimated by reducing the reported velocities from doorway 

velocity probes V3 though V8. A volumetric flow rate was assigned to each measure-

ment by taking the product of the reported velocity and 1/6 of the door area (0.35 m2). 

The net volumetric flow was then taken as the sum of the individual volumetric flows 

and is assumed to represent the unidirectional flow rate. Even though the doorway a-

rea input to FATE is computed as 100 % of the geometric areas with no reductions 

taken for entrance and exit losses, the FATE unidirectional flow rate calculation under-

predicts the estimated doorway flow rates.  

For this particular geometry – a high powered fire in a relatively small and under-

ventilated compartment – the measured gas concentration may be a better measure of 

room conditions rather than the smoky layer height. Reasonable agreement is indi-

cated between the calculated and measured gas concentrations.  

The temperature variation inside the fire compartment along the x-y plane is promoted 

by the room geometry in which the fire essentially blocks free inflow from the door (fire 

pan width is larger than the narrow doorway width). The FATE smoky layer calculations 

provide reasonable estimates of the average gas temperatures.  

The peak wall temperatures in the back of the room are consistent with the peak gas 

temperatures, while the side wall temperatures are about 100 K lower. This may be 

influenced by air circulation which may be diminished toward the back of the room. The 

FATE wall strip heat sink model presents an average temperature of all four side walls 

at a particular elevation; therefore it is not surprising that peak wall temperatures are 

not predicted. The under-prediction of wall temperatures at upper elevations is a result 

of the overall lower predicted smoky layer gas temperature.  

The container surface temperature is reasonably predicted, while the concrete probe 

temperatures are somewhat under-estimated. The under-estimation of the concrete 

probe temperature occurs because the probe remains in the lower gas layer in the 

FATE calculation, while test data indicates the probe is submerged in the smoky layer. 

Sensitivity calculations for which the probe is submerged in the smoky layer show good 

agreement with the test data. The significant heat up of the can surface, even though 

the waste can is located in the lower gas layer, is an indication of the radiative power 

received from the fire.  
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To perform a bounding analysis for nuclear power plant applications, the many uncer-

tainties associated with a room fire must be addressed. Uncertainties identified in this 

benchmark include the fire power, ventilation flows, and air mixing. Perhaps the most 

straightforward approach to addressing uncertainties to obtain a bounding assessment 

appropriate for nuclear power plant applications is to increase the fire power. Therefore 

in a sensitivity calculation the HRR has been increased by 40 %, leading to a better 

temperature prediction.  

The reduction of the door opening cross section leads to an under-ventilated fire. A key 

assumption used in modeling this case is the length along which oxygen is entrained 

and consumed in the fire. Finally, following guidance from other fire benchmark exer-

cises, air flowing in through the doorway is assumed to be equally distributed between 

the smoky and lower gas layers.  

The gas concentration is a better measure of conditions in the smoky layer. The meas-

ured smoky layer height is based on average of thermocouple readings at 4 separate 

elevations, with the lowest elevation at 1.5 m. Thus, the reported layer height does not 

provide indication of smoky layer heights below 1.5 m.  

The gas and heat sink temperatures were found to be closely linked to the fire power. 

For this reason, adjustments were made to the reported fuel burn rate to conform to the 

times at which test data indicated the plume gas temperatures began to increase and 

decrease. Overall, reasonable agreement is obtained and no attempt was made to in-

crease the fire power from its nominal value to provide a bounding estimate of the gas 

temperatures.  

Calculation of the concrete probe and waste can temperatures as well as the concrete 

wall surface temperatures proved to be sensitive to whether or not each heat sink was 

submerged in the smoky layer.  
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Fig.  5-12 Benchmark Exercise No. 4, Test 3 smoky layer gas concentrations (from 

Appendix C)  
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5.3.2 FLAMME-S (Zone Model) Applied by L. Rigollet (IRSN, France)  

Tests 1 and 3 have been simulated with the two-zone model code FLAMME-S, Ver-

sion.2.3.2 /BOU 02/, developed by IRSN. In this context, a remark must be made con-

cerning the fact that the studied cases are outside the validation domain of FLAMME-S, 

specifically in respect to the two following conditions:  

– The ratio of the pool surface area to the floor area of the facility is less than 5 %,  

– The ratio of the heat release rate to the volume of the facility is less than 5 kWm-3.  

FLAMME-S Code Description and Input Assumptions  

The FLAMME-S code is similar to the CFAST code described above. The fuel pyrolysis 

rate is a pre-defined input, and the burning in the compartment is then modeled to gen-

erate heat release and allow species concentrations to be calculated. FLAMME-S is a 

two-zone model, whereby each compartment is divided into a hot gas upper layer and 

a cold gas lower layer. In the presence of fire, the sub-model transports heat and mass 

from the lower to the upper layer making use of an empirical correlation. A notable dif-

ference in this context is that FLAMME-S uses the Heskestad correlation for the plume 

flow, whereas the McCaffrey correlation is utilized in CFAST. Flows through vents and 

doorways are determined in both codes from correlations derived from the Bernoulli 

equation. Radiation heat transfer between the fire plume, upper and lower layers, and 

the compartment boundaries is also included.  

The side walls of the fire compartment are constructed from 25 cm of light concrete and 

5 cm of insulation. The ceiling is made of a 25 cm concrete layer and a 5 cm insulation 

layer. For the floor, only 30 cm of concrete are taken into account: the aerated concrete 

implemented in the experiments in order to protect the mass loss measurement is not 

modeled. Two material probes, concrete and aerated concrete, are modeled.  

In Test 1, the door is completely opened, with a free cross section of 0.7 m x 3 m. In 

the Test 3, the opening is partly closed, with a free cross section of 0.7 m x 1 m. The 

fan system, which is not used in the experiments, and the hood above the open front 

door are not modeled.  

The energy released by radiation represents 32 % of the total heat released. A com-

plete combustion reaction is assumed.  
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Two types of calculations have been performed: In a first step a constant pyrolysis rate 

has been assumed (Test 1: 65 g/m2s; Test 3: 50 g/m2s) and in a second step the 

measured rate was used. The LOL value was then reduced from 11.5 % to 0 %.  

FLAMME-S Code Results  

The layer height calculated by FLAMME-S is lower than that determined from the ex-

perimental data. The experimental interface height is determined from thermocouples 

located at three elevations: 1.5 m, 3.35 m and 5.2 m. Thus, in the experiment, the layer 

height never decreases under the elevation of the first thermocouple, i.e. 1.5 m. Tour-

niaire and al. /TOU 00/ have shown that the data reduction method is weakly depend-

ant on the number of thermocouples except in the case of three thermocouples where 

the interface height does not reach the floor.  

The gas temperatures calculated for the upper layer are in good agreement with the 

experimental results of Test 1. As the layer height calculated by the code is lower than 

the experimental interface, the calculated temperature of the lower layer is colder than 

the gas temperatures measured.  

The oxygen concentrations calculated with the code in the upper layer are lower than 

those measured in the experiment; however, the comparison is difficult because the 

sensor GA2-O2 seems to be saturated.  

In the experiment, total heat fluxes were measured at one elevation, i.e. 1.7 m. At the 

upper layer, the FLAMME-S code calculates slightly lower total heat fluxes.  

The wall temperatures are not compared, because the FLAMME-S code calculates an 

average temperature for the first mesh of a wall and thus cannot be compared with a 

surface temperature measured experimentally.  

However, the temperatures of two material probes (concrete and aerated concrete) are 

compared. Experimentally, the sensors seem to be reversed: M 28 and M 26 for the 

aerated concrete slab and M 32 and M 30 for the concrete slab. The calculated results 

are in good agreement with the measurements, if the four sensors mentioned above 

are indeed reversed.  
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In the first calculation for Test 3, using the lower oxygen limit (LOL) of 11.5 % rapidly 

leads to the fire extinguishing by itself, two minutes after the beginning. For the open 

calculations, even if the experimental pyrolysis rate is imposed in the data file, the code 

under-estimates the heat release rate: the pyrolysis rate is limited by the code, be-

cause the quantity of oxygen involved in the reactive zone is not sufficient for the com-

bustion reaction. Therefore, it should be noted that the comparison of predictions with 

measurements for all other parameters cannot be expected to be necessarily close 

since the heat release rate is underestimated. During Test 3, a phenomenon seems to 

occur which is not modeled by the code. While the oxygen concentration measured in 

the experiment reached 0 %, the gas temperatures inside the compartment increased 

up to about 900 °C and a flame was observed at the opening. This experiment pre-

sents characteristics similar to those of ghosting flames described by various authors.  
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Fig.  5-13 Gas temperature in the compartment - open calculations (from Appendix D)  

77 



 

5.3.3 CFX (CFD Code) Applied by M. Heitsch (GRS, Germany)  

Calculations with the CFD code CFX 5.7 have been carried out for Benchmark Exer-

cise No.4 within the frame of the International Collaborative to Evaluate Fire Models for 

NPP Applications (ICFMP). Version 5 of the CFX family /CFX 04/ represents a com-

pletely new code structure compared with previous versions and offers new features.  

CFX Code Description and Input Assumptions  

CFX /CFX 04/ is a commercial Computational Fluid Dynamics (CFD) multi-purpose 

code. The latest generation is named version 5. The current release is 5.7. The main 

features which demonstrate the progress since the previous version 4 are the coupled 

solver and the ability to handle structured and unstructured meshes. CFX-5 is capable 

of modeling steady-state and transient flows, laminar and turbulent flows, subsonic, 

transonic and supersonic flows, heat transfer and thermal radiation, buoyancy, non-

Newtonian flows, transport of non-reacting scalar components, multiphase flows, com-

bustion, flows in multiple frames of reference, and particle tracking.  

Thanks to the regular geometry of the test arrangement, the computational mesh was 

decided to be built exclusively with structured cells. The mesh has a total of 115700 

cells in the fluid domain of the modeled test volume. Another 2548 cells are in the bar-

rel target (inner and outer part) to describe heat conduction. It reveals that the horizon-

tal resolution chosen may not be fine enough.  

The gas mixture of air, fuel (kerosene) and combustion products is modeled by tracking 

the individual species, which are kerosene, oxygen, nitrogen, carbon-dioxide and 

steam. Soot is also created according to the Magnusson soot model implemented in 

CFX. In this model, a number of constants are used, which were not further investi-

gated in this exercise. Nitrogen represents a background fluid, not participating in any 

reaction. The chemical reaction itself is represented by a single-step mixing controlled 

reaction within the Eddy Dissipation model. A complete combustion is assumed.  

A predefined share of the reaction heat (40 %) is emitted from the surface of the fire 

pan as radiation flux and distributed by the P1 radiation model in CFX. This radiation 

model solves an extra transport equation and assumes direction independent radiation 

transport. It allows heating of the fluid due to radiation from a boundary (here the fuel 

pan). The radiation is not release from volume cells where the reaction takes place.  
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Flows through the venting (fan) system “FUCHS” and the hood are specified by flow 

velocities given in the specification of the tests.  

A simplification was made concerning the heat flow into the surrounding walls. These 

walls are not included in the mesh and hence the heat flow calculated at constant wall 

temperature. This overestimates the removal of energy from the fluid.  

CFX Code Results  

The history of the fuel release corresponds exactly to the fuel consumption curve from 

the experiment. A total amount of 80.7 kg kerosene was added. The temperature dis-

tribution is affected by the inflow of cold air through the door and the hottest part of the 

gas plume is pushed towards the back of the room. The temperatures in the front loca-

tion show a good correspondence to the measurements up to about 400 s but then 

change little up to the time when the fire intensity passes its peak. In the simulation this 

is expressed by a slight reduction of gas temperatures. Then the fire intensity remains 

constant for a long while and reduces to zero after about 1400 s. The measured tem-

peratures however increase continuously up to the end of fuel combustion. A similar 

tendency can be observed for temperatures in the back part of the facility. Here, how-

ever, measurement and simulation show different trends. During the test the highest 

temperature was observed at the bottom of the room and decreased towards the ceil-

ing. The simulation predicts the opposite. This was true for all columns of thermocou-

ples.  

The measured data for oxygen at GA1 are captured quite well. Only at the beginning 

and the end of the fire scenario are some differences seen. This may be related to the 

kerosene release curve, which was specified as an input. The measured CO2 mole 

fraction is lower than the values predicted by CFX. This may be due to the fact that the 

modeled chemical reaction does not include any production of CO and assumes only  

CO2 and H2O.  

In the door opening a number of flow sensors recorded the flow speeds in a vertical 

line. In the upper locations the predictions compare quite well with the measurement, in 

the lower probe locations however the flow is underestimated.  

The barrel inside the fire compartment is built as a cylindrical double vessel container. 

The inner section was filled by a type of granulate and the outer cylinder by concrete. 
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In the computer model these two materials have been included but not the vessel 

walls. The mesh was probably not sufficiently fine to model the temperature rise accu-

rately, and this was over-estimated.  

This measured HRR history for Test 3 was input to the code according to the test de-

scription. The sudden stopping of kerosene release after about 1100 s can also be 

identified in the temperature plots and causes some disagreement after that time. The 

gas with the highest temperatures is pushed towards the back wall. They show a simi-

lar good correspondence with the measured data up to the moment the fire is stopped. 

There might also be some thermal inertia of the thermocouples including continuing 

radiative heat flux from walls, which causes a slower decrease than predicted by the 

simulation.  

The agreement for oxygen concentration at GA1 is as good as for Test 1.  

For the lower velocity probe at the door opening the comparison is very good. At the 

upper location, however, negative values (inflow) were measured but were not pre-

dicted. At the time of about 800 s there is only flow into the test compartment through 

the door.  

 

Fig.  5-14 Vertical temperature distribution at a plane x = 0.95 m (from Appendix E)  
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Fig.  5-15 Comparison of selected gas temperatures close to the front of the test  

facility for Test 1 (from Appendix E)  

5.3.4 FDS (CFD Code) Applied by W. Brücher (GRS, Germany)  

As an extension to earlier calculations with FDS2 and FDS3 within a project outside the 

ICFMP, open calculations have now been performed with FDS3 and FDS4 to investi-

gate the influence of different FDS versions and the differences due to the chosen grid.  
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FDS Code Description and Input Assumptions  

The FDS code has already been described in chapter  5.2.1. One major difference be-

tween FDS3 and FDS4, with some influence on the results is a different default LOL 

condition, where the ‘no burn’ area in under-ventilated conditions is extended to higher 

temperatures.  

FDS Code Results  

Actual heat release rates differ from the heat release rate obtained from the prescribed 

pool mass loss data. Fig.  5-16 shows all heat release rates calculated with different 

model configurations. Depending on the model configuration not all released fuel is 

burnt immediately or in some cases it is only partly burnt. The mass release peak in 

particular is not accompanied by an equivalent strong increase of the heat release due 

to the under-ventilated conditions in Test 3.  

Both calculations with FDS3 use exactly the same set of parameters except for the grid 

cell size. Temperatures are generally slightly underestimated by the model for most of 

the time (Fig.  5-17 to Fig.  5-19). The temperature peak appears too early compared to 

the measurements, which is partly due to the mass loss rate of the benchmark specifi-

cation. A different (smoothed) interpolation of the questionable weight scale data in 

former calculations resulted in a better agreement of the temperature development. 

However, peak temperatures are also underestimated in that case. No obvious in-

crease in the simulation quality of the temperatures is found, although this effect would 

be expected as a consequence of a better resolution of the flame area. A possible ex-

planation for the slightly worse overall performance with the fine grid may be the miss-

ing extension of the fine grid to the whole door area which is crucial for the develop-

ment of the fire inside. The calculated fine grid gas flow into the compartment is higher 

than the measured one, resulting in lower gas temperatures inside the compartment. 

This effect is also found in the calculation for oxygen concentration inside the fire com-

partment, which is over-estimated.  

Due to the modification of the default temperature dependent LOL limit in FDS4, lower 

heat releases are found in FDS4 compared to FDS3, also including lower gas tempera-

tures and surface heat fluxes. The default LOL definition seems to be a major problem 

in under-ventilated conditions for both model versions.  
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Fig.  5-16 Heat release rates of all FDS3 and FDS 4 calculations for Test 3  (from  

Appendix G)  
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Fig.  5-17 Comparison of FDS results (FDS3 coarse grid; from Appendix G)  
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Fig.  5-18 Comparison of FDS results (FDS3 fine grid; from Appendix G)  
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Fig.  5-19 Comparison of FDS results (FDS4 fine grid) (from Appendix G)  
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5.3.5 COCOSYS (Lumped Parameter Code) Applied by B. Schramm (GRS, 

Germany)  

Both experiments of Benchmark Exercise No. 4 have been simulated with COCOSYS 

with knowledge of the experimental results. Because of the flame being extinguished 

due to oxygen depletion in Test 3, the pyrolysis rate has been modified in some para-

metric calculations.  

COCOSYS Code Description and Input Assumptions  

The lumped parameter (LP) code COCOSYS /ALL 05/ has been developed and vali-

dated for the comprehensive simulation of severe accident progression in light water 

reactor containments. This code system is to allow the simulation of all relevant phe-

nomena, containment systems and conditions during the course of design basis acci-

dents and severe accidents. In COCOSYS, mechanistic models are used as far as 

possible for analyzing the physical and chemical processes inside reactor contain-

ments. Essential interactions between the individual processes, e.g. feedback from 

fission product decay heat on thermal hydraulics, are treated in a thorough way. With 

such a detailed approach, COCOSYS is not restricted only to relevant severe accident 

phenomena, but will also be able to demonstrate interactions between these phenom-

ena as well as the overall behavior of the containment.  

For the simulation of oil and cable fires, pyrolysis and burning models have been im-

plemented in the thermal hydraulic module of COCOSYS. This process is divided into 

two steps: first the release of pyrolysed species from the oil or cable surface and sec-

ond the burning processes inside the atmosphere and on the surface of the burning 

material itself. Two different types of concepts have been implemented in COCOSYS: 

a very detailed one simulating the combustible materials (oil and cables) with a 1D heat 

flow model and a simplified concept to handle user specified pyrolysis rates including in 

some way the feedback from the thermal hydraulic boundary conditions.  

In the oil fire model, the material to be burned is represented by a usual structure sub-

divided into several layers for the calculation of temperature profiles in the material 

(Fig.  5-20).The surface temperature is calculated by a spline interpolation using all 

layer temperatures. The heat flux on the surface (e.g. reaction heat, convective heat 

transfer, radiation) is distributed into the uppermost layer and the second layer accord-

ing to the volume fraction of the uppermost layer. The released CHX fractions are 
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Fig.  5-20 Concept of the pyrolysis model for oil burning  

A grid of 102 control volumes with 235 connections in between was used to model the 

fire compartment. The compartment was divided into 9 vertical levels at the height of 

0.0 m, 0.36 m, 0.6 m, 1.1 m, 1.6 m, 2.6 m, 3.6 m and 4.6 m. The difference in the setup 

between the levels is that the size of the center zone in the fire compartment is increas-

ing with the height. To enable a counter flow through the door opening the fire com-

partment has to be subdivided so that there are at least be two levels of control vol-

umes at this door elevation. To enable a more detailed flow simulation through the door 

four levels of control volumes have been used.  

COCOSYS Code Results  

Especially for Test 3 COCOSYS had some problems in simulating the correct tempera-

ture stratification. The plume temperatures as well as most of the other temperatures in 

the lower part of the fire compartment (level 1) are underestimated by 100 to 200 K but 

at higher elevations inside the fire compartment the temperatures are over-predicted by 

50 - 100 K. After 950 s the temperature in the lowest COCOSYS zone is decreasing 

rapidly, even though the pyrolysis rate is at its peak. The reason is that all the O2 in this 

zone is consumed in the combustion process and not enough air is transported to this 

control volume. This indicates that the provided pyrolysis rate does not fit to the simu-

lated thermal conditions of COCOSYS. Comparing the temperatures in the material 
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probes of aerated concrete and concrete it can be observed that the temperature near 

the surface (x = 0.02 m) is under-predicted in the simulation. This can be easily ex-

plained with the significant under-prediction of gas temperature in the simulation in this 

region. The gas composition has been measured at the point GA1 in the fire compart-

ment. In the simulation, the O2 concentration is lower than in the experiment for the 

period 0-800 s. From 800 – 1000 s both values show a good agreement. After 1000 s, 

the O2 concentration is nearly zero in the experiment, but in the simulation it is increas-

ing again. These discrepancies can be explained by looking at the O2 concentration 

over the fuel surface. The flame is extinguished in the lower part of fire compartment 

above the pan.  

Due to the problem of the extinguishing flame, a parametric calculation with a modified 

pyrolysis rate has been performed. The aim of this calculation was to investigate if bet-

ter results could be obtained if the pyrolysis rate was reduced in order to prevent the 

extinguishing of the flame. For the first 900 s the measured fuel weight seems to be 

realistic, thus the pyrolysis rate was not changed for this period. The measured tem-

peratures show that the combustion process is nearly over after 1300 s. Hence, the 

pyrolysis rate has to be very small for this period. With the modified pyrolysis rate the 

temperature stratification is not satisfactorily predicted. At a lower elevation, the tem-

perature is still under-predicted in the simulation and the temperature increase meas-

ured during the first 100 - 200 s is over-estimated. 

The COCOSYS results of Test 1 are now summarized. The plume temperature in-

creases earlier than in the experiment at the measurement points (M1-M6). In the ex-

periment it took about 180 s until a fast temperature increase was measured, in the 

simulation this temperature increase is predicted at 100 s, and is less strong. After 200 

s the temperature is over-predicted at all measurement points in the plume by 100 - 

200 °C (M1-M6). Outside the plume, the characteristic of the results are similar to Test 

3. At lower elevations the temperatures are under-estimated and at higher elevations 

the temperatures are over-estimated with deviations up to 200 K. In the simulation, the 

mixture of the gas is not simulated correctly. In the calculation, very little hot gas mixes 

with the cold gas at the lower elevations. It moves due to buoyancy upwards and gath-

ers at the top of the room. It leaves the room via the FUCHS fan system or through the 

upper part of the door. The gas composition was measured at the point GA1 in the fire 

compartment. In the experiment, the O2 concentration was significantly higher than in 

the simulation. Accordingly, the CO and the CO2 concentrations predicted in the simu-
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lation are too high. An explanation would be that the chemical reaction mechanism is 

not valid, or, which is more likely, there is a problem with the simulation of the mixing 

between hot and cold gas layer.  
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Fig.  5-21  Test 3: Plume temperature at M3 (from Appendix H)  
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Fig.  5-22 Comparison of measured temperature M9 (z = 1.5 m) and COCOSYS  

results (from Appendix H)  
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5.3.6 VULCAN (CFD Code) Applied by V.F. Nicolette (SNL, USA)  

The CFD code VULCAN has been used for open calculations of Test 3. However, the 

results have not been optimized to match the available experimental data.  

VULCAN Code Description and Input Assumptions  

VULCAN is derived from the Kameleon Fire code /HOL 90/. It models the transport and 

burning of vaporized fuel, as well as the transport of combustion by-products and their 

thermal impact on targets. Conservation equations are solved for mass, species, mo-

mentum, energy (enthalpy), turbulence quantities, and radiation intensity. Convective 

and radiative heat transfers to targets are included in the code, as well as the subse-

quent thermal response of the targets. VULCAN contains the following sub-models 

(algorithms):  

– A fuel vaporization sub-model for the estimation of the rate, at which the fuel is 

transferred from the liquid phase (for liquid fuels) to the vapor phase.  

- A k-ε turbulence model;  

- Eddy Dissipation Concept (EDC) combustion model. Reactions are modeled as 

either 1-step or 2-step reactions, with irreversible, infinitely fast chemistry (relative 

to the mixing process);  

- A soot generation and transport model;  

- Discrete Transfer Method (DTM) of Shah and Lockwood is employed to solve the 

thermal radiation;  

- VULCAN uses an extension of the SIMPLEC method of Patankar and Spalding, 

1972, to solve the conservation equations using a control volume formulation. A 

structured three-dimensional Cartesian grid is used. First- and second-order accu-

rate upwind schemes can be used for the convective terms.  

A non-uniform grid of 38 x 55 x 46 (y direction is from the front door to the back of 

room) control volumes was used for the majority of simulations, and was developed 

based on previous modeling experience. Additionally, a refined mesh simulation was 

performed using 74 x 104 x 84 control volumes (essentially dividing the physical length 

of each control volume side by a factor of 2). This yielded a control volume length scale 

of order 0.07 – 0.15 m in the x and y directions. The control volumes in the z direction 
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were somewhat larger in the upper regions of the room, where gradients were ex-

pected to be small. The computational domain was taken as the fire compartment plus 

some reservoir space outside of the fire compartment.  

For some simulations, the measured fuel evaporation rate was specified for the code. 

For other simulations, the fuel evaporation rate was calculated by the code based on 

the thermal response of the fuel. The chemical reaction was modeled as a two-step 

reaction with production of intermediate species. In the first step of the chemical reac-

tion, the fuel is assumed to combust to form carbon monoxide and hydrogen. The sec-

ond step of the reaction converts the intermediate species to water vapor and carbon 

dioxide.  

VULCAN Code Results  

A simulation was performed in which the experimentally measured mass loss rate was 

directly calculated based on the thermal response of the fuel pool (Fig.  5-23).  

Oxygen depletion was observed to occur significantly sooner in the simulations than in 

the experiment. The agreement between simulation and experiment is best discussed 

when separated into 2 time periods: pre-oxygen depletion, and post-oxygen depletion 

of the room. Prior to oxygen depletion, very good agreement was obtained for the pool 

mass loss rate and the majority of heat fluxes to targets. The agreement was not as 

good for thermocouple temperatures, target thermal response, and doorway velocities. 

For times that are post-oxygen depletion, the agreement is generally not as good as for 

the pre-depletion period. This is understandable since the post-oxygen depletion envi-

ronment is highly dependent upon the locations and amounts of leakage into the com-

partment. A fine mesh simulation produced essentially the same results as with the 

coarse mesh, suggesting the coarse mesh results were adequate. The inclusion of 

buoyancy generated turbulence in the simulations did not change the results substan-

tially, but did improve the prediction of temperature low in the plume and the lower 

doorway velocity, while resulting in even faster oxygen consumption (relative to the 

standard k-ε model).  

The sources of discrepancies between the predictions and data could not be defini-

tively resolved due to uncertainties in the experiment and documentation. These dis-

crepancies are believed to be primarily due to inputs to the code being significantly 

different than existed in the experiment. In that context, this experiment is not recom-
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mended for code validation purposes, but does provide useful information regarding 

the potential uncertainties in code predictions when key inputs (e.g., leakage paths) are 

not accurately specified.  

 

Fig.  5-23 Mass loss rate (smoothed) versus experiment (from Appendix I)  
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Fig.  5-24 Front room temperatures and oxygen concentration (from Appendix I)  
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5.3.7 MAGIC (zone code) Applied by B. Gautier (EDF, France) 

The zone model MAGIC has been used for open calculations of Tests 1 and 3. Some 

additional parameter studies concerning the heat release and the effect of light con-

crete floor have been performed. 

MAGIC code description and input assumptions  

The calculations presented here were performed with MAGIC V4.1.1b /GAY 06/. The 

code is used in its standard version using input variables corresponding to a normal 

risk study approach. MAGIC uses a two-zone model including most of the classic fea-

tures, like gaseous phase combustion, governed by the properties of emitted products 

and the air supply attributable to the plume flow, smoke production and transport of 

unburned products, heat exchange, natural flows and forced ventilation, simulation of 

targets and sprinkler systems.  

The shape of fire compartment has been simplified, and has conserved the total vol-

ume. The distances between targets or openings and fuel surface are conserved. The 

hood in front of the door is not modeled. The ventilation has been simplified to one glo-

bal exhaust vent at the ceiling. The lower oxygen limit is fixed to 0 % which is the EDF 

recommended value. The radiation fraction is set to 0.35.  

MAGIC code results  

MAGIC results appear more realistic in Test 1 (open door) than in Test 3 (semi-closed 

door). In Test 1 the gas temperature are realistic while target temperature and flux are 

significantly over-estimated. In Test 3 gas layer temperature is little under-estimated, 

while the target predicitions are in good agreement. 

In Test 3, the configuration induces more complex phenomena: the reduction of the 

opening cross section produces under-ventilated conditions. It seems that the flame 

was inclined to the door in the experiment. These phenomena are not represented in 

MAGIC. 

Some experimental data appears to be questionable, especially the HRR in Test 3 and 

the interface height (due to the low number of thermocouples used in the interface 

height calculation). 
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More information on the vent system would have allowed it to be modelled and permit-

ted a more realistic "fire risk study" type of approach to the test. Especially in Test 3, 

the ventilation due to the vent is comparable to the one due to the door (in calculation 

and probably also in the actual test). It seems that the door flow is under estimated in 

the calculation, maybe due to the hood effect.   
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Fig.  5-25 Upper and lower temperature in Test 1 (from Appendix J)  
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Fig.  5-26 Upper and lower temperature in Test 3 (from Appendix J)  
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6 Code to Code Comparison  

In this chapter the results of the different codes and types of codes are compared to 

each other. It is clear that the results of simulation tools depend on the quality and ca-

pabilities of the models themselves as well as on the experience of the users. Further-

more, it is obvious that this comparison is specific to the Benchmark Exercise consid-

ered, with partly oxygen depleted conditions and a relative strong fire.  

The objective of this chapter is to look at the overall results of fire simulation tools for:  

– characterization of deviations from the experimental results to give some  

indications on uncertainties, particularly for PSA studies;  

– identification of minimum and maximum values of code results;  

– characterization of user effects as well as differences between blind and open  

calculations;  

– characterization of potential uncertainties of the experiment itself and the  

experimental results.  

Due to the limited number of participants and calculations it is quite difficult to identify 

the real causes of deviations of the calculated values from the experimental measure-

ments. Nevertheless, this Benchmark Exercise does give some view on the possible 

uncertainties of fire simulations.  

6.1 Test 1  

6.1.1 Plume Temperatures (M1 to M6)  

Fig.  6-1 and Fig.  6-2 compare the results for blind and open calculations of the plume 

temperatures at positions M2 and M6. In comparison to the blind simulations, the re-

sults of the semi-blind FDS calculations are much better, having used the pre-defined 

pyrolysis rate. Larger deviations between semi-blind FDS simulations occur for tem-

peratures closer to the fire surface (like M2). It seems that the user has to be careful to 

get good results at positions close to the fuel surface. The blind simulations of 

JASMINE also show an underestimation of the temperatures. This underestimation 

was not so significant in the semi-blind simulations of JASMINE. The open COCOSYS 
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ICFMP Benchmark #4 Test 1
blind & semi-blind results
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ICFMP Benchmark #4 Test 1
open results
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Fig.  6-1 Comparison of plume temperatures M2 (blind & open)  
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ICFMP Benchmark #4 Test 1
blind & semi-blind results
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ICFMP Benchmark #4 Test 1
open results
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Fig.  6-2 Comparison of plume temperatures M6 (blind & open)  

6.1.2 Temperatures inside the Fire Compartment  

Fig.  6-3 to Fig.  6-8 present the comparison of the temperatures at the temperature 

thermocouple tree locations at the front and rear of the fire compartment. The differ-

ences between front and back are not very large, indicating that a shift of the fire plume 
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ICFMP Benchmark #4 Test 1
blind & semi-blind results
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ICFMP Benchmark #4 Test 1
open results
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Fig.  6-3 Temperatures on the back side of the compartment (M8, blind & open)  
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ICFMP Benchmark #4 Test 1
blind & semi-blind results
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ICFMP Benchmark #4 Test 1
open results
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Fig.  6-4 Temperatures on the back side of the compartment (M12, blind & open)  
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ICFMP Benchmark #4 Test 1
blind & semi-blind results
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ICFMP Benchmark #4 Test 1
open results
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Fig.  6-5 Temperatures on the back side of the compartment (M16, blind & open)  
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ICFMP Benchmark #4 Test 1
blind & semi-blind results
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ICFMP Benchmark #4 Test 1
open results
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Fig.  6-6 Temperatures on the front side of the compartment (M9, blind & open) 
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ICFMP Benchmark #4 Test 1
blind & semi-blind results
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ICFMP Benchmark #4 Test 1
open results
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Fig.  6-7 Temperatures on the front side of the compartment (M13, blind & open)  
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ICFMP Benchmark #4 Test 1
blind & semi-blind results
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ICFMP Benchmark #4 Test 1
open results

0

100

200

300

400

500

600

700

800

900

1000

0 600 1200 1800

Time t [s]

Te
m

pe
ra

tu
re

 T
 [°

C
 ] 

at
 M

17

Exp-M17

CFX-GRS-open

COCOSYS-GRS-open

 

Fig.  6-8 Temperatures on the front side of the compartment (M17, blind & open)  
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6.1.3 Layer Height and Upper Layer Temperature  

Fig.  6-9 and Fig.  6-10 present the hot gas layer height and upper layer temperature. It 

has to be mentioned in this context, that due to the low number of elevations of meas-

urement positions the calculation of a layer height is not really possible. Therefore, only 

the general characteristics should be compared. The results of the different codes and 

code types for the upper layer temperature are reasonably good. The different semi-

blind calculations with CFAST show a wide range of about 300 K for the upper layer 

temperature.  

ICFMP Benchmark #4 Test 1
blind & semi-blind results
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ICFMP Benchmark #4 Test 1
blind & semi-blind results
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Fig.  6-9 Layer height (blind & open) 
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ICFMP Benchmark #4 Test 1
blind & semi-blind results
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ICFMP Benchmark #4 Test 1
 open results
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Fig.  6-10 Upper layer temperature (blind & open)  
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6.1.4 Gas Concentration inside the Fire Compartment  

The main difference between Test 1 and Test 3 is the ventilation condition leading to 

oxygen rich conditions for Test 1. Fig.  6-11 to Fig.  6-14 show the comparison for the 

gas concentrations of O2 and CO2 inside and outside the fire compartment. All codes 

except CFX underestimate the oxygen concentration inside the fire compartment. 

Since the experimental values at the measurement position GA1 are quite constant in 

contradiction to the values at the position GA2, the measurement at GA1 seems to be 

somewhat questionable. The results of the semi-blind FDS calculation performed by 

NIST outside the fire compartment are very good. In addition, the measured CO2 con-

centration at GA1 does not seem to be reasonable. The value is lower compared to the 

value at the position GA2.  

108 



 

ICFMP Benchmark #4 Test 1
blind & semi-blind results
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ICFMP Benchmark #4 Test 1
open results
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Fig.  6-11 Oxygen concentrations inside the fire compartment (blind & open)  
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ICFMP Benchmark #4 Test 1
blind & semi-blind results
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ICFMP Benchmark #4 Test 1
open results

0

2

4

6

8

10

12

14

0 600 1200 1800

Time t [s]

C
O

2 c
on

ce
nt

ra
tio

n 
[V

ol
-%

] a
t G

A
1

Exp-GA1-CO2
CFX-GRS-open

COCOSYS-GRS-open
FLAMME-IRSN-open(1)
FLAMME-IRSN-open(2)

 

Fig.  6-12 CO2 concentrations inside the fire compartment  
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ICFMP Benchmark #4 Test 1
blind & semi-blind results
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ICFMP Benchmark #4 Test 1
open results
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Fig.  6-13 Oxygen concentration outside the fire compartment (blind & open)  
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ICFMP Benchmark #4 Test 1
blind & semi-blind results
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ICFMP Benchmark #4 Test 1
open results
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Fig.  6-14 CO2 concentration outside the fire compartment  
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6.1.5 Probe Temperatures  

The results of the probe temperature measurements have been delivered for the semi-

blind and blind calculations only. The simulation results of CFAST performed by NIST 

show an unstable behaviour for aerated concrete. The calculated surface temperatures 

for concrete and steel are much too high. Most of the other CFAST calculations overes-

timate the surface temperatures. The results of the blind JASMINE simulations are too 

low. FDS overestimates the temperatures at least approx. 100 K in the semi-blind 

simulations. For the open calculations probe temperature results have been delivered 

for MAGIC only. The calculated target temperatures are generally higher than measu-

rements.  
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ICFMP Benchmark #4 Test 1
blind & semi-blind results
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ICFMP Benchmark #4 Test 1
blind & semi-blind results
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ICFMP Benchmark #4 Test 1
blind & semi-blind results
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Fig.  6-15 Probe temperatures (blind results)  
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ICFMP Benchmark #4 Test 1
open results
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ICFMP Benchmark #4 Test 1
open results
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ICFMP Benchmark #4 Test 1
open results
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Fig.  6-16 Probe temperatures (open results)  
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6.2 Test 3  

6.2.1 Plume Temperatures (M1 to M6)  

Fig.  6-17 and Fig.  6-18 shows the comparison of the plume temperatures M2 and M6 

for blind and open calculations. The measured plume temperature in the lower part of 

fire compartment, such as M1, show a strong temperature increase in the initial phase 

to values up to 700 °C. At the end of the fire, the temperatures increase again, reach-

ing values of approx. 900 °C. Most of the codes predict temperatures that are much 

lower that measured toward the end of the experiment. The differences are about 100 

to 200 K. In the upper part of the plume, the measured temperature rise is much slower 

than the calculated ones. Starting with values of approx. 350 °C, values up to 900 °C 

are reached with a final peak at about 1000 °C. In the blind simulations, the plume 

temperature increase is underestimated. The results are partly better in the open calcu-

lations (e.g. CFX). However, deviations of up to 200 K are possible. It has to be stated 

that the situation at the end of the fire is more questionable. The simulation strongly 

depends on the assumptions which have been made for the pyrolysis rate. The peak is 

simulated approx. 250 s too early. The pyrolysis rate provided to participants could be 

examined for improvement.  
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ICFMP Benchmark #4 Test 3
blind & semi-blind results
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ICFMP Benchmark #4 Test 3
open results
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Fig.  6-17 Comparison of plume temperatures M2 (blind & open)  
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ICFMP Benchmark #4 Test 3
blind & semi-blind results
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ICFMP Benchmark #4 Test 3
open results
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Fig.  6-18 Comparison of plume temperatures M6 (blind & open)  
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6.2.2 Temperatures inside the Fire Compartment  

Fig.  6-19 to Fig.  6-24 present the comparison of blind and open calculations for two 

temperature trees. These are the measurement positions M8, M12 and M16 at the rear 

of the fire compartment close to the wall and the positions M9, M13 and M17 at the 

front. The deviations between the code results are partly quite high with approx. up to 

500 K. JASMINE calculates very high temperatures at the rear (position M8), while the 

results are much better at the front. A possible reason is that a strong shift of the fire 

plume was calculated in the simulation. Similar to the plume temperatures, the tem-

perature gradient is underestimated by most of the codes. The open CFX calculation 

shows a somewhat better simulation of the temperature gradient. But, similar to the 

plume temperature, the measured temperature peak was not calculated. At about 

550 s the VULCAN simulation shows a temperature decrease, which was not observed 

in the experiment. COCOSYS does not solve the momentum balance. Therefore, a 

plume shift can not be calculated and the results for back and front side are very simi-

lar. A temperature peak was also not simulated.  
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ICFMP Benchmark #4 Test 3
blind & semi-blind results
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ICFMP Benchmark #4 Test 3
open results
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Fig.  6-19 Temperatures on the back of compartment (M8, blind & open)  
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ICFMP Benchmark #4 Test 3
blind & semi-blind results
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ICFMP Benchmark #4 Test 3
open results
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Fig.  6-20 Temperatures on the back of compartment (M12, blind & open)  
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ICFMP Benchmark #4 Test 3
blind & semi-blind results
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ICFMP Benchmark #4 Test 3
open results
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Fig.  6-21 Temperatures on the back of compartment (M16, blind & open)  
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ICFMP Benchmark #4 Test 3
blind & semi-blind results
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ICFMP Benchmark #4 Test 3
open results
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Fig.  6-22 Temperatures on the front side of compartment (M9, blind & open)  
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ICFMP Benchmark #4 Test 3
blind & semi-blind results
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ICFMP Benchmark #4 Test 3
open results
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Fig.  6-23 Temperatures on the front of compartment (M13, blind & open)  
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ICFMP Benchmark #4 Test 3
blind & semi-blind results
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ICFMP Benchmark #4 Test 3
open results
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Fig.  6-24 Temperatures on the front of compartment (M17, blind & open)  
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6.2.3 Layer Height and Upper Layer Temperature  

Only three levels of measurements are available inside the fire compartment. Therefore 

the calculation of the upper layer temperature and the hot gas layer height is question-

able. Fig.  6-25 and Fig.  6-26 present the comparison between the results of zone mod-

els and experimental results. The calculated layer heights are lower compared to the 

experiment, In particular close to the floor level. Because the lowest elevation of the 

measurement is located at 1.5 m, the experimental result cannot be lower.  

The semi-blind CFAST calculations performed by different users show a strong devia-

tion of 300 K for the upper layer temperature. Results from open calculations are pro-

vided by the code FLAMME-S and MAGIC.  The results of MAGIC are quite close to 

the experimental results. Concerning FLAMME-S it has to be pointed out that this 

Benchmark Exercise is out of the validated range of this code. The simulated tempera-

tures are too low in comparison to the experimental data.  
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blind & semi-blind results
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ICFMP Benchmark #4 Test 3
blind & semi-blind results
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Fig.  6-25 Hot gas layer height (blind & open)  
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Fig.  6-26 Upper layer temperature (blind & open)  
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6.2.4 Gas Concentrations inside the Fire Compartment  

Fig.  6-27 to Fig.  6-30 provides a comparison of the results for the gas concentrations 

inside and outside the fire compartment. The elevation of the inside measurement posi-

tion is 3.2 m above the flame. The blind and semi-blind FDS calculations are in rea-

sonably good agreement with measurement. The oxygen concentration is underesti-

mated by about 2 Vol.-%. The definition of the pyrolysis rate for the semi-blind calcula-

tions leads to oxygen concentrations close to 0 Vol.-%. According to the pre-defined 

peak, the decrease of oxygen arises approx. 100 s too early. The semi-blind CFAST 

calculation performed by NRC and the open MAGIC calculation show a much too low 

oxygen concentration, although the calculated upper layer temperature is quite similar 

to the experimental data. In the open calculations, the deviation range of the results for 

the oxygen concentration GA1 is quite large at about 7 Vol.-% (without considering the 

FLAMME-S results). Except for one FDS calculation, the oxygen concentration is un-

derestimated. The behavior of VULCAN is somewhat different compared to the other 

codes. The complete oxygen depletion already occurs at approx. 500 s. This could 

explain the different characteristics for the temperature results.  

With respect to the CO2 concentration a similar picture could be drawn. Unfortunately, 

no experimental data are available for the position GA1. But the variation in the open 

calculations is even higher compared to the blind calculations. The semi-blind calcula-

tion of FDS performed by NIST shows a strong peak in the oxygen and carbon dioxide 

concentrations (position GA2) at the end of the fire process. This was not been ob-

served in the experiment. Furthermore, the other FDS simulations do not show such a 

peak. Similar peaks have been calculated in the open phase with CFX and FDS. This 

shows that the given pyrolysis rate may be somewhat questionable at the end of fire 

process.  
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open results
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Fig.  6-27 Oxygen concentration inside fire compartment (blind & open)  
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open results
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Fig.  6-28 CO2 concentration inside fire compartment (blind & open)  
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open results
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Fig.  6-29 Oxygen concentration outside fire compartment (blind & open)  
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ICFMP Benchmark #4 Test 3
open results
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Fig.  6-30 CO2 concentration outside the fire compartment (blind & open)  
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6.2.5 Probe Temperatures  

One of the main objectives of fire simulations codes for NPP applications is the estima-

tion of thermal loads on different type of targets. On the left wall of the compartment 

three material probes of different material types, concrete, aerated concrete and steel 

have been installed. Fig.  6-31 and Fig.  6-32 compare the calculated and experimental 

temperatures close to the material surface. The results of the blind calculations show a 

wide range of deviations. The semi-blind CFAST calculation performed by BRE overes-

timates the temperatures by about 300 K while most of the CFD codes underestimate 

the temperature by up to 300 K. The strong temperature peak simulated by some CFD 

codes as a result of the peak in the pyrolysis rate was not observed in the temperature 

measurements. The results of FDS for the open calculations are comparable to those 

for the blind simulations. The temperatures are underestimated by approx. 100 K. The 

results of VULCAN are on the one hand in a very good agreement with the experimen-

tal data, except the strong peak for aerated concrete. On the other hand the calculated 

temperature decrease at the end of the fire process is much too strong, indicating that 

the thermal heat conduction or heat transfer is not simulated correctly. The results of 

the open MAGIC calculation are reasonable and better compared to Test 1.  
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Fig.  6-31 Comparison of the probe surface temperatures (blind simulations)  
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ICFMP Benchmark #4 Test 3
open results
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Fig.  6-32 Comparison of the probe surface temperatures (open simulations)  
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7 General Conclusions and Recommendations  

7.1 General Conclusions  

This section provides a discussion of the general conclusions derived from Benchmark 

Exercise No. 4.  

Heat Release Rate  

The pyrolysis rate and the resulting heat release rate have a great impact on the ther-

mo-fluid conditions inside the fire compartment. The specified (measured) rate for Test 

1 seems to be satisfactory, because reasonable temperatures were calculated. The 

rate for Test 3 is more questionable, because the temperature peak at the end of the 

experiment is not simulated and the calculated temperature decrease starts too early. 

On the other hand, due to the under-ventilated conditions, the combustion usually is 

incomplete and possibly under-estimated. 

Blind calculations show that the models to calculate pyrolysis rates are still limited. The 

results of these calculations show significant deviations from the experimental results.  

Gas Temperatures  

The overall gas temperatures could be reasonably well simulated by zone models as 

well as by the more complex CFD codes, although the differences for Test 3 are larger. 

The CFD codes were able to simulate the drift of the flame to the rear wall due to the 

fresh air entrainment through the door. However, in comparing the lower temperatures 

at the measurement locations M8 and M10 at the rear of fire compartment, this effect 

seems to be over-estimated in the simulations. Particularly for targets close to the fire, 

these effects may be more important.  

Oxygen Concentration  

Key parameters for the oxygen concentration inside the fire compartment are the com-

bustion efficiency, the ventilation conditions, and the reaction schemes modeled, par-

ticularly for CO and soot production. Here, Test 3 gives some answers for the specifi-

cation of the LOL value, which should be set to 0 Vol.-%. FDS with only one single 

transport equation shows some principal limitations in this range.  
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Wall Temperatures  

Wall temperatures are partly influenced by the flame shifting to the back wall. This ef-

fect could be simulated, in principle, by CFD codes only. Zone codes assume homoge-

neous boundary conditions.  

Ventilation – Air Entrainment  

For zone models the handling of the air entrainment for under-ventilated conditions is 

important, particularly in Test 3. Here, specific assumptions have been made in some 

zone model calculations.  

Target Simulation  

The ability to simulate the targets is restricted in the various codes. Some problems 

result from the cylindrical shape of the barrel target as well as from the multi-layer ma-

terial configuration. Radiation has an important influence on the thermal loading, and 

this has to be partly specified by the user.  

7.2 Recommendations  

The strong differences between calculations and experiments, in particular for the blind 

simulations, indicates that models to predict pyrolysis rates are strongly needed. Unfor-

tunately, there is a strong positive feedback from the thermal environment back to fuel 

surface which then influences the pyrolysis rate. Further local effects, such as edges to 

the pan, may also have an influence on the pyrolysis rate. The consequences for the 

estimation of uncertainties should be discussed in more detail. In this context, further 

blind calculations (for new experiments) will be helpful.  

Scenarios with under-ventilated fires are still difficult to simulate. It has to be kept in 

mind that such scenarios are typical for NPPs, as most of the fire compartments in a 

NPP can be assumed more or less closed during a fire.  

The simulation of targets should be further improved and investigated. This is highly 

important, because potential failures (e.g. short circuits) may occur much earlier than 

the ignition of the target itself.  

138 



 

8 Summary  

The fuel pool fire Tests 1 and 3, performed in the OSKAR test facility at iBMB of Braun-

schweig University of Technology at the end of 2003, have been included in the bench-

marking and validation exercises of the International Collaborative Fire Model Project 

(ICFMP) as Exercise No. 4. The objective of the collaborative project is to share the 

knowledge and resources of various organizations to evaluate and improve the state of 

the art of fire models for the use in nuclear power plant fire safety assessments, cover-

ing deterministic fire hazard analysis (FHA) as well as fire probabilistic safety assess-

ment (PSA) studies.  

The main difference between the two experiments carried out is the size of the door 

area. Both experiments give first indications on the effects of ventilation and fuel con-

trolled fires as well as on the thermal loading on different types of targets. Previous 

benchmark exercises within the ICFMP had shown that the simulation of these two 

phenomena should be improved.  

During the benchmark procedure, the participants performed different types of calcula-

tions. These were totally blind simulations without knowledge of the measurements, 

semi-blind calculations with knowledge of the pyrolysis rate only, and completely open 

calculations. It has been demonstrated that the pyrolysis rate has a strong influence on 

the calculation results. Limited information on the pyrolysis rate affects the results to 

some extent. This finding was supported from the comparison of the (admittedly few) 

blind and semi-blind simulations. The range of the results (e. g. JASMINE and FDS) is 

much larger for the blind simulations compared to the semi-blind ones. This overall 

result of Benchmark Exercise No. 4 should be somehow considered in the estimation 

of uncertainty parameters as an input in, for example PSA studies. 

The simulation of under-ventilated fires is more difficult for the fire codes. In particular, 

the high transient behavior at the final phase of Test 3 leads to a wide range of simula-

tion results. Unfortunately, the measured pyrolysis rate is no longer valid in this phase, 

and so the ‘specified’ pyrolysis rate may not be very reliable at this time. It should be 

mentioned, however, that many of the possible fire scenarios in real nuclear power 

plants will lead to under-ventilated conditions. Therefore, this issue should be further 

investigated and the models should be further improved.  
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Some codes have difficulties to simulate more complex targets. Most of the codes are 

able to simulate the material probes. The range of the results is larger compared to that 

for the gas temperatures. As this information is significant for estimating failures of 

safety related equipment, the models should be further developed and improved.  
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A1 Introduction  

Benchmark Exercise No. 4 was used to assess the accuracy of the Fire Dynamics 

Simulator (FDS) in two ways. First, blind calculations were performed to predict the 

heat release rate of the fire using only its chemical and thermal properties as input. 

Second, semi-blind calculations were performed in which the measured heat release 

rate was provided as model input, and predictions were made of the temperatures, 

heat fluxes and gas composition within the compartment. It is important to emphasize 

that from the standpoint of validation, the model predictions of heat release rate and 

transport were assessed separately. Previous Benchmark Exercises have provided 

data for assessment of transport algorithms only. In Exercise No. 4, the additional chal-

lenge of predicting, rather than prescribing, the HRR has been added.  
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A2 Input Parameters and Assumptions  

In cooperation with the fire protection engineering community, a computational fire mo-

del, Fire Dynamics Simulator (FDS), has been developed at the National Institute of 

Standards and Technology (NIST) in the USA to study fire behaviour and to evaluate 

the performance of fire protection systems in buildings. The software was released into 

the public domain in 2000, and since then has been used for a wide variety of analyses 

by fire protection engineers. A complete description of the model can be found in 

/MCG 04/. Briefly, FDS is a computational fluid dynamics code that solves the Navier-

Stokes equations in low Mach number, or thermally-expandable, form. The transport 

algorithm is based on large eddy simulation techniques, radiation is modelled using a 

gray gas approximation and a finite-volume method is used to solve the radiation 

transport equation. Combustion is modelled using a mixture fraction approach, in which 

a single transport equation is solved for a scalar variable representing the fraction of 

gas originating in the fuel stream. In this section, the most important features of the 

simulations of Benchmark Exercise No. 4 are described.  

A2.1 Geometry  

The geometry of the compartment was relatively simple. The overall enclosure was 

rectangular, as were the vents and most of the obstructions. A single, rectilinear grid 

spanned the interior of the compartment, plus a comparable volume under the hood 

outside the door. The dimensions of the grid were 36 by 72 by 56, and the cells were 

exactly 10 cm in size throughout. All objects within the computational domain were ap-

proximated to the nearest 10 cm. The decision to use a 10 cm grid was based on the 

observation that the ratio of the fire’s characteristic diameter D* to the size of the grid 

cell dx is an indicator of the degree of resolution achieved by the simulation. D* is given 

by the expression 5/2
•

)/( gTcQ p ∞∞ρ , and was about 1 m for this series of fires. In 

short, the greater the ratio D*/dx, the more the fire dynamics are resolved directly, and 

the more accurate the simulation. Past experience has shown that a ratio of 10 pro-

duces favourable results at a moderate computational cost /MCG 03/.  

FDS performs a one-dimensional heat transfer calculation into an assumed homoge-

nous material of given thickness and (temperature-dependent) thermal properties. So-

lid obstructions within the computational domain must conform to the underlying gas 
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phase grid, but the assumed thickness of the solid is not tied to the gas phase grid. 

Thus, the solid phase heat transfer calculation is entirely decoupled from the gas phase 

except for the transfer of mass and heat at the gas-solid interface.  

The compartment walls and ceiling were made of various types of concrete, the ther-

mal properties of which were input directly into the model. It was assumed that the tar-

get slabs of concrete, aerated concrete, and steel were only exposed at the front sur-

face, although the internal temperature measurements suggested otherwise.  

 

 

Fig. A1 Simulation of Test 3, showing the fire and smoke in Smokeview  

No attempt was made to model the barrel container at the rear of the compartment for 

two reasons. First, the cylindrical object would have had to be approximated as a se-

ries of 10 cm rectangular blocks, and second, the current version of the model cannot 

accommodate solid objects with multiple layers of different materials. The first limitation 

could have been overcome, but the second could not have. Even were the model to 
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predict inner barrel temperatures close to the measurements, there would have been 

no way to explain why. Often reasonable predictions of solid object temperatures are 

made with numerical models resulting purely from two errors which off-set each other. 

More discussion of this is included later.  

A2.2 Fire  

Some of the properties of the liquid fuel used in the tests were provided. Nominally 

kerosene, the fuel properties of “dodecane” (C11.64H25.29) were input into the model with 

assumed soot and CO yields of 0.042 and 0.012, respectively. The current version of 

FDS does not adjust the soot or CO yield as a consequence of reduced compartment 

ventilation or combustion efficiency. FDS does assume the fuel to evaporate at a rate 

dictated by the partial pressure of fuel vapors above the pan, but it does not account for 

convective currents within the liquid fuel itself. The liquid is treated as a solid for the 

purpose of predicting the temperature profile at and below the fuel surface. The thermal 

conductivity of the liquid was designated in the test specification to be 0.109 W/m/K, 

specific heat 2.4 kJ/kg/K, and density 810 kg/m3. These values are typical of liquid hy-

drocarbons and have not been seen to affect the results of the calculations significantly 

/HOS 03/. More important was the assumed heat of vaporization and boiling tempera-

ture: 256 kJ/kg and 216 °C, respectively.1  

The fire was simulated by including in the simulation a small, hot block that heated up 

the surface of the pool until the fire was self-sustaining, after which the block literally 

disappeared from the calculation. FDS predicted the radiative and convective heat flux 

from the fire to the fuel surface, and the evaporation of the fuel according to the Clau-

sius-Clapeyron equilibrium pressure of the fuel vapors above the pan (details in 

/MCG 04/). This coupling of the gas and liquid phases is the most challenging problem 

for any fire model because errors in any of the respective stages are compounded by 

the feedback loop. Nevertheless, it is of fundamental importance to the study and simu-

lation of fire.  

                                                 

1 The heat of vaporization and boiling temperature of n-dodecane (C12H26) were obtained from 

the Korea Thermophysical Properties Database (http://www.cheric.org/kdb). 
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A2.3 Radiation  

FDS uses a finite volume method to solve the radiation transport equation in the gray 

gas limit. By default, the radiation from the fire and hot gases is tracked in 100 direc-

tions. While this is adequate to predict the radiation heat flux to nearby targets (a few 

fire diameters away), it is not adequate to predict the flux to distant targets (greater 

than three diameters, roughly). Because all of the targets were relatively close to the 

fire, there was no need to modify the default settings of the radiation solver.  

A2.4 Ventilation  

The ventilation rates for all the compartment fans and hood were input directly into the 

model. The volume flow time histories were used rather than the velocities because 

FDS must adjust all vents to conform to the numerical grid. By working with the volume 

flux, the model can adjust the vent velocity to achieve the desired flow.  

A2.5 Output  

During the simulation, values of temperature, heat flux and gas species concentrations, 

etc., were reported as 10 s averages. Linear interpolation was used to approximate 

values between the 10 cm grid cells. The results were saved in a text file and com-

pared with the measurements. Details about each quantity saved are given in the next 

section.  
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A3 Comparison of Model Prediction and Measurement  

Blind and semi-blind predictions of Tests 1 and 3 were performed with FDS. The objec-

tive of the blind calculations was to predict the heat release rate from the fires. The 

semi-blind calculations used a prescribed heat release rate based on experimental 

measurement. The blind calculations will only be discussed in the section entitled Heat 

Release Rate. Following this section, all results will be for the semi-blind calculations.  

A3.1 Heat Release Rate  

Fig. A2 shows the predicted and measured heat release rates for Tests 1 and 3. For 

Test 1, the predicted HRR rose very quickly to about 3 MW following ignition, followed 

by a gradual rise over 15 min as the compartment heated up and the increased thermal 

radiation from the hot upper layer led to an increased burning rate. The measured HRR 

did not exhibit the rapid rise, taking several minutes to grow to 3 MW and then gradu-

ally increasing at a rate comparable to the prediction. The reason for the discrepancy is 

that FDS uses a mixture fraction model of combustion. Briefly, the evaporated fuel 

burns readily with oxygen when mixed to the appropriate ratio, regardless of tempera-

ture. Thus, FDS did not simulate properly the spreading of the fire across the pan, ra-

ther it predicted an almost instantaneous involvement of the entire fuel surface.  
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Test 1, Heat Release Rate
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Test 3, Heat Release Rate
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Fig. A2 Measured and predicted (blind) heat release rates for Tests 1 and 3  

In Test 3, FDS over-emphasized the effect of the small compartment opening. Initially, 

it predicted the same rapid growth as it had in Test 1, but then the fire consumed the 
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available oxygen, and the fire died down, decreasing the burning rate. As air began to 

re-enter the compartment, the burning rate increased again, and the oscillatory pattern 

emerged. FDS never predicted the large spike in HRR that was measured at 15 min, 

most likely because the model was predicting a substantial amount of burning outside 

the compartment, even though this was not observed in the experiment. Thus in Test 3, 

there were two problems to contend with – predicting the HRR and modelling combus-

tion in an under-ventilated compartment. Nothing more can be said of the first issue 

because there were no measurements made with which to assess the accuracy of the 

heat feedback to the fuel surface, surface temperature, fuel vapour concentration 

above the pool, etc. However, studies of burning liquid pools have been performed with 

FDS, in which the burning rates have been shown to be sensitive to grid size, fuel 

properties, radiation assumptions, and edge effects of the pan itself /HOS 03/.  

From this point on, the results to be shown are based on simulations performed with a 

prescribed, not a predicted, heat release rate.  

A3.2 Gas Temperatures  

Gas temperatures were measured in the experiments using five vertical thermocouple 

arrays (or “trees”) distributed throughout the compartment. Fig. A5 and Fig. A8 display 

the time histories of both measured and predicted compartment gas temperatures2. A 

means of assessing the accuracy of the model is to first consider the accuracy of the 

prescribed heat release rate. According to an empirical correlation by McCaffrey, Quin-

tiere and Harkleroad /WAL 03/, the rise in the upper layer gas temperature is propor-

tional to the HRR raised to the 2/3 power. The reported uncertainty in the heat release 

rate measurement for Tests 1 and 3 was 15 %. This uncertainty in the HRR corre-

sponds to a 2/3 × 15 % = 10 % uncertainty in the temperature rise. For example, tem-

peratures of approximately 600 °C have an uncertainty of roughly ± 60 °C. In general, 

the difference between measured and predicted compartment temperatures in Tests 1 

and 3 was within the uncertainty bounds established by the prescribed HRR, but there 

were some exceptions, especially in Test 3. In making comparisons between model 

and experiment, the temperatures were compared from 10 min onwards. Earlier in the 

                                                 

2 No attempt was made to “correct” the gas temperature predictions to account for the thermal inertia of the 
thermocouples used in the experiments. 
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tests, the measured temperatures exhibited a delay relative to the predictions, probably 

due to the thermal inertia of the thermocouples.  

Test 1, Front Room Temperatures
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Test 1, Front Room Temperatures
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Fig. A3 Gas temperature comparisons for Test 1  
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Test 1, Back Room Temperatures
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Test 1, Back Room Temperatures
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Fig. A4 Gas temperature comparisons for Test 1 (contd.)  
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Test 1, Plume Temperatures
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Test 1, Doorway Temperatures
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Fig. A5 Gas temperature comparisons for Test 1 (contd.)  
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Test 3, Front Room Temperatures
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Test 3, Front Room Temperatures

Time (min)

0 5 10 15 20 25 30

Te
m

pe
ra

tu
re

 (C
)

0

200

400

600

800

1000

1200

Exp Time vs M 15 
Exp Time vs M 11 
Exp Time vs M 7 
FDS Time vs M15 
FDS Time vs M11 
FDS Time vs M7 

 

Fig. A6 Gas temperature comparisons for Test 3  
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Test 3, Back Room Temperatures
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Test 3, Back Room Temperatures
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Fig. A7 Gas temperature comparisons for Test 3 (contd.)  
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Test 3, Plume Temperatures
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Test 3, Doorway Temperatures
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Fig. A8 Gas temperature comparisons for Test 3 (contd.)  
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A3.3 Heat Flux and Surface Temperature at the Three Targets  

Three plates were positioned on the side wall of the compartment, about 1.7 m above 

the floor. At these three “targets” heat flux gauges were positioned, along with thermo-

couples on the surface and at various depths inside the slabs. Comparisons between 

measured and predicted heat fluxes and surface temperatures are shown in Fig. A12. 

Only the surface temperatures of the steel, concrete, and “gas concrete” are shown. 

FDS did compute the inner temperatures of the slabs, and the temperatures decreased 

monotonically with depth since FDS considered the slab to back up to an ambient tem-

perature environment. However, the measured temperatures did not decrease mono-

tonically, either because of a measurement error or the slab might have been heated 

from behind.  

For some of the comparisons, it was possible to assess why a surface temperature 

was over or under-predicted. For example, in Test 1, the steel temperature is over-

predicted, as is the heat flux. The steel target was positioned towards the back of the 

compartment, and the model predicted that the fire would have leaned towards the 

target in response to the flow coming in the door. It seems that the effect was not as 

pronounced in the experiments, possibly due to the presence of the barrel container 

that was omitted from the FDS simulations.  

Overall, it was difficult to provide a single assessment of accuracy in the target tem-

perature prediction based solely on the data shown here. In some situations, the pre-

dicted surface temperature was more accurate than the predicted heat flux, suggesting 

either that the heat flux measurement was inaccurate, or that the model benefited from 

“two wrongs making a right”; that is, an under or over-prediction in the heat flux was 

compensated by a comparable error in the surface properties or solid phase heat trans-

fer calculation. Given the considerable uncertainty in any large scale fire experiment, 

this situation occurs more than one would expect.  
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Test 1, Heat Fluxes to Targets
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Test 3, Heat Fluxes to Targets
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Fig. A9 Heat flux and surface temperature at Targets, Tests 1 and 3  
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Test 1, Steel Temperature (Flux WS 2)
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Test 3, Steel Temperature (Flux WS 2)
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Fig. A10 Heat flux and surface temperature at Targets, Tests 1 and 3 (contd.)  
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Test 1, Concrete Temperature (Flux WS 3)
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Test 3, Concrete Temperature (Flux WS 3)
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Fig. A11 Heat flux and surface temperature at Targets, Tests 1 and 3 (contd.)  
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Test 1, "Gasconcrete" Temperature (Flux WS 4)
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Test 3, "Gasconcrete" Temperature (Flux WS 4)
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Fig. A12 Heat flux and surface temperature at Targets, Tests 1 and 3 (contd.)  
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A3.4 Gas Species Concentrations  

FDS uses a mixture fraction combustion model, meaning that all gas species within the 

compartment are assumed to be functions of a single scalar variable. FDS solves only 

one transport equation for this variable, and reports gas concentrations at any given 

point at any given time by extracting its value from a pre-computed “look-up table.” For 

the major species, like carbon dioxide and oxygen, the predictions are essentially an 

indicator of how well FDS is predicting the bulk transport of combustion products 

throughout the space. For minor species, like carbon monoxide, FDS at the present 

time does not account for changes in combustion efficiency, relying only on a fixed y-

ield of CO from the combustion product. In reality, the generation rate of CO changes 

depending on the ventilation conditions in the compartment.  

Fig. A14 presents comparisons of oxygen and carbon dioxide concentration predictions 

with experiment. There were two measurement locations, one inside and one outside 

the compartment.  

The inside measurement for Test 1 appeared flawed. Outside the agreement was as 

expected, given that the model transports mass and energy using the same basic nu-

merical scheme. Test 3 was more interesting. Both the measured and predicted oxy-

gen concentrations inside the compartment decreased to zero for about 5 min each, 

although the time at which this occurred differed by a few minutes. This indicates that 

the fire consumed all the available oxygen, something that only occurs at high tempera-

ture. Otherwise, the fire would probably have self-extinguished.  
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Test 1, Inside Gas Concentrations
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Test 3, Inside Gas Concentrations
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Fig. A13 Oxygen and carbon dioxide concentration, Tests 1 and 3  
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Test 1, Outside Gas Concentrations
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Test 3, Outside Gas Concentrations
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Fig. A14 Oxygen and carbon dioxide concentration, Tests 1 and 3 (contd.)  
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A3.5 Velocity  

Velocity probes were placed in the doorway of the compartment. Comparisons of ex-

perimental measurement and model prediction for Test 1 and 3 are shown in Fig. A16. 

Some of the measurements were noisy, most often resulting from the difficulty in mea-

suring velocities at the interface between incoming and outgoing gases. Discrepancies 

between model and experiment were most likely caused by model inaccuracy. The 

model used 10 cm grid cells, fine enough to compute the bulk temperatures and flows 

within the compartment, but not fine enough to capture the steep gradient in horizontal 

velocity over the height of the doorway, especially in Test 3 where the door was re-

solved by just a few cells spanning the vertical dimension.  
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Test 1, Upper Door Velocities
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Test 3, Upper Door Velocity
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Fig. A15 Velocities in the doorway, Tests 1 and 3  
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Test 1, Lower Door Velocities
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Test 3, Lower Door Velocity
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Fig. A16 Velocities in the doorway, Tests 1 and 3 (contd.)  
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A3.6 Model Sensitivity  

There are two types of input parameters: numerical and physical. Physical parameters 

describe the wall materials, fuel properties, reaction stoichiometry, etc. Numerical pa-

rameters describe how the calculation is to be performed. The most important numeri-

cal parameters are the number of grid cells in each coordinate direction. CFD models 

solve an approximate form of the conservation equations of mass, momentum and en-

ergy. The error associated with the discretization of partial derivatives on a discrete grid 

is a function of the size of the grid cells and the type of differencing used. FDS uses 

second-order accurate approximations of both the temporal and spatial derivatives of 

the Navier-Stokes equations, meaning that the discretization error is proportional to the 

square of the cell size. In other words reducing the grid cell size by a factor of 2 re-

duces the discretization error by a factor of 4. However, it also increases the computing 

time by a factor of 16 (a factor of 2 for the temporal and each spatial dimension). Clear-

ly, there is a point of diminishing returns as one refines the numerical mesh.  

Fig. A20 presents predictions of heat flux and target surface temperature using two 

different sized grids – 10 cm (as was used for all the results shown above) and 20 cm. 

The 20 cm calculations required about 1/16th the CPU time and 1/8th the computer 

memory (RAM) as the 10 cm calculations3. In general, there were no significant degra-

dations of the results using the 20 cm grid. Indeed, it appeared that the heat fluxes and 

surfaces temperatures were predicted more accurately with the coarse grid. This often 

happens, and it is wrongly suggested that the coarse grid is better than the fine. Actu-

ally, there are probably several off-setting errors at work.  

                                                 

3 The fine grid (10 cm) FDS simulations required 3 days to complete on a single 2.4 GHz Intel Pentium 
processor. The coarse grid (20 cm) simulations required 6 hours.  
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Test 1, Heat Fluxes to Targets (10 cm Grid)
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Test 1, Heat Fluxes to Targets (20 cm Grid)
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Fig. A17 Fine (upper part) and Coarse (lower part) grid predictions of flux and  

temperature  
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Test 1, Steel Temperature (10 cm Grid)
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Test 1, Steel Temperature (20 cm Grid)
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Fig. A18 Fine (upper part) and Coarse (lower part) grid predictions of flux and  

temperature (contd.)  
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Test 1, Concrete Temperature (10 cm Grid)
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Test 1, Concrete Temperature (20 cm Grid)
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Fig. A19 Fine (upper part) and Coarse (lower part) grid predictions of flux and  

temperature (contd.)  
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Test 1, "Gasconcrete" Temperature (10 cm Grid)
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Test 1, "Gasconcrete" Temperature (20 cm Grid)
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Fig. A20 Fine (upper part) and Coarse (lower part) grid predictions of flux and  

temperature (contd.)  
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The coarse grid tends to “smooth out” the temperature and heat flux fields, sometimes 

resulting in lower predicted values that are closer to the measured values. However, 

this “smoothing” of the temperature field more often leads to less accurate predictions. 

For example, consider the plume temperature predictions shown in Fig. A21. The up-

per layer temperature predictions (M-3 and M-6) were not degraded on the 20 cm grid, 

but the lower level prediction (M-1) was significantly degraded due to the “smoothing” 

of high temperatures near the base of the fire.  
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Test 1, Plume Temperatures (10 cm Grid)
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Test 1, Plume Temperatures (20 cm Grid)
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Fig. A21 Fine (upper part) and coarse (lower part) grid predictions of plume  

temperatures  
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A4 General Conclusions and Recommendations  

Simulations of Benchmark Exercise No. 4 were performed with the NIST Fire Dynamics 

Simulator (FDS). The exercise had two purposes: (1) to predict the heat release rate of 

a liquid pool fire within a compartment, and (2) to compute the transport of heat and 

exhaust gases from this same fire given its measured heat release rate.  

The most challenging part of the exercise was predicting the heat release rate. This 

required the user to supplement the given fuel properties with values drawn from the 

literature. Because the fuel used was a blend, its properties could not be trusted en-

tirely, especially as these values were culled from different sources.  

The simulation of the transport of exhaust products, given the measured burning rates 

as input, would have been a relatively simple exercise for any engineer with a back-

ground in numerical modeling. The geometry (except for the barrel container) was ex-

tremely simple, the boundary conditions (i.e. ventilation) were well-defined, the solid 

materials were homogenous with fairly simple properties, and the measurements were 

well-prescribed. Indeed, of all the Benchmark Exercises conducted thus far, BE #4 

would be a good exercise for a fire modeling novice, excluding, of course, the predic-

tion of the burning rate.  

A4.1 General Conclusions  

The predicted burning rate for Test 1 had the same magnitude as the measured rate, 

and displayed the same rate of growth over the course of the fire. However, the simu-

lated fire reached its quasi-steady burning rate several minutes earlier than the actual 

fire, due mainly to the spontaneous ignition of the fuel vapors, an over-simplification of 

the pyrolysis/combustion model. In Test 3, the predicted burning rate displayed fluctua-

tions that were not observed in the measurements. Plus, the simulation did not predict 

the rapid growth of the fire near the end of the test.  

The difference in steady burning rate between the blind prediction and the measure-

ment was about 10 % in Test 1 and 25 % in Test 3, but important phenomena were not 

captured in the simulations. Given the uncertainties in the fuel properties, the results of 

this exercise should be used to assess the qualitative behavior of the model only. More 
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validation work is needed before the model can be used reliably to predict burning 

rates of liquid fuels, especially within under-ventilated compartments.  

Using the measured HRR, the predicted gas temperatures were within about 15 % of 

the reported measurements for the simulations of Test 1 and 3. The results for Test 1 

were better than Test 3, most likely because the compartment became under-ventilated 

in Test 3 and the model predicted some burning to have occurred outside the opening 

even though none was actually observed.  

The predicted target surface temperatures were within about 20 % of the measure-

ments. The over or under-prediction of the target temperature at a given point could not 

always be explained by a comparable error in the heat flux prediction.  

There was no detailed solid phase heat transfer model within FDS to predict the ther-

mal response of the cylindrical waste container “target”. All obstructions within the 

computational domain were assumed to conform to the rectilinear grid, and all solid 

materials were assumed to be homogenous in composition.  

In Test 3, the compartment opening was obstructed and led to under-ventilated condi-

tions within. FDS has a fairly simple “mixed is burnt” combustion model that can only 

superficially account for under-ventilated conditions. If the local oxygen concentration 

drops below an empirical cut-off value, combustion is assumed to cease. This led to an 

under-prediction of the heat release rate in Test 3. Also, FDS predicted burning to have 

occurred outside the compartment even though the observers did not see it.  

A4.2 Recommendations  

Two improvements are needed within FDS to better model Benchmark Exercise No. 4. 

First, the burning rate of a solid or liquid fuel should be predicted more reliably. The 

blind FDS prediction for Test 1 was encouraging, but it is clear from sensitivity studies 

that there are numerous parameters, both physical and numerical, that can effect the 

model’s prediction of burning rate significantly. Such blind predictions should continue 

to be made, but for the short term, should not be trusted without experimental valida-

tion. 
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Any additional validation work to assess the model’s prediction of burning rates of any 

type of fuel, liquid or otherwise, should focus solely on the fire and the fuel bed. Ex-

haustive instrumentation of the entire compartment is needed only if there are issues 

involving smoke and heat transport. At this point in the project, FDS and the other mo-

dels under consideration have been shown to handle transport well, but there needs to 

be improvement in the near-field. In addition to the measurement of the burning rate, 

instrumentation should be installed to measure the heat flux and temperature of the 

fuel surface, and however difficult it may be, the thermal and chemical environment 

within the fire itself. Different sized pans should be used to assess size effects, and 

attempts should be made to minimize boundary and geometrical effects of the appara-

tus and fuel. For example, solid homogenous slabs or liquid pools ought to be studied 

before cables, spray fires, spills, etc.  

The second, and more important, improvement for CFD models is in the combustion 

routines. Currently, FDS handles well the dynamics of a well-ventilated fire. However, 

as compartments go to flashover, the simple “mixed is burnt” combustion rule is no 

longer true. FDS will have to abandon its single scalar mixture fraction model so that it 

can transport products of incomplete combustion, like soot, CO, and the fuel itself. This 

is important because at the very least a fire model should be able to predict where the 

fuel is burning. In Test 3, FDS mistakenly predicted burning to have taken place par-

tially outside the compartment even though this was not observed.  

To look at under-ventilated behavior, a test similar to Test 3 should be re-done with a 

fixed fuel supply, like a burner. The HRR should be ramped up at discrete increments 

to see how the models handle the gradual transition from well to under-ventilated con-

ditions. The focus should be on where the fuel is actually burning (inside or outside) 

and what the overall compartment environment is like. Measurements should be made 

of the principle carbon-carrying compounds (unburned hydrocarbons, soot, CO2, and 

CO) along with oxygen and gas temperature.  
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B1 Introduction  

Blind calculations (prior to the dissemination of the experimentally measured fuel mass 

loss rate) and semi-blind calculations (with knowledge of the above mass loss rate) 

were conducted for Tests 1 and 3 with Jasmine (CFD model) version 3.2.3. In addition, 

some calculations (with knowledge of the full set of experimental measurements) were 

conducted for Test 3. Semi-blind calculations were conducted with CFAST (zone 

model) version 3.1.6 for Tests 1 and 3.  

In all calculations the geometry of the experimental rig was represented as closely a 

possible to that given in the problem specification /KLE 03/. In the semi-blind calcula-

tions the experimentally measured fuel release rates /ICF 03/ were used, and for the 

limited set of additional open calculations the experimental measurement data /ICF 04a 

+04b/ was available. Comparisons between calculated results and the experimental 

measurements have been made and are reported in this annex.  

For details of the experiments and the measurements see the main body of this report.  
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B2 Input Parameters and Assumptions  

The calculations were performed using the geometry and input parameters as close as 

possible to those given in the problem specification. Information on the main modeling 

choices and assumptions is provided below, with particular emphasis on where the 

problem specification was deviated from, or engineering judgments of significance 

made. This is documented separately for the two fire models used.  

CFAST  

CFAST is a widely used zone model, available from the National Institute of Standards 

and Technology (NIST), USA. It is the main component of the program suite FAST, 

which is accessed via a graphical user interface. CFAST is a multi -room zone model, 

with the capability to model multiple fires and targets.  

Fuel pyrolysis rate is a pre-defined input, and the burning in the compartment is then 

modeled to generate heat release and allow species concentrations to be calculated. 

For most applications CFAST is used as a conventional two-zone model, whereby 

each compartment is divided into a hot gas upper layer and a cold lower layer. In the 

presence of fire, a plume zone/model transports heat and mass from the lower to upper 

layer making use of an empirical correlation /MCC 83/. Flows through vents and door-

ways are determined from correlations derived from the Bernoulli equation. Radiation 

heat transfer between the fire plume, upper & lower layers and the compartment 

boundaries is included using an algorithm derived from other published work /SIE 81/.  

Other features of CFAST relevant to the benchmark exercise include a one-

dimensional solid phase heat conduction algorithm employed at compartment walls 

and targets and a network flow model for mechanical ventilation.  

For an in-depth description of CFAST, including its scientific and engineering back-

ground, the solved equations and the physical sub-models see the reference /JON 00/ 

and the later reference accompanying CFAST version 5 /JON 04/. A summary of vali-

dation exercises that have been undertaken for the CFAST model is also included in 

/JON 04/. The panel report /MIL 04/ and accompanying technical annexes for the sec-

ond benchmark exercise include a number of examples where CFAST calculations 

have been compared to experimental measurement data for smoke filling inside a large 

hall.  
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CFAST version 3.1.6 was used in the work reported here, with the data files edited 

directly, i.e. the FAST graphical user interface was not employed. Other information 

relevant to the application of CFAST to this benchmark exercise is given below.  

• Main geometry and thermal boundary conditions:  

Dimensions of the OSKAR fire compartment and the doorway ventilation openings 

were modeled as in the problem specification. The thermal properties of the walls, 

floor and ceiling were included by creating new user defined materials with the re-

quired (concrete) properties. Conduction losses to the room walls, ceiling and floor 

were included, using the one-dimensional heat conduction sub-model.  

• Ventilation through the fan system:  

This was modeled using a mechanical exhaust vent. A limitation was that a fixed 

value for the volume flow rate was required, i.e. the time-dependent measured pro-

file was not followed.  

• Fire specification: 

This was treated as a constrained fire (i.e. oxygen controlled) with an area of 1 m2, 

located at the centre of the compartment at floor level. The fuel was modeled as 

kerosene, using a heat of combustion of 4.28 x 107 J kg-1. The time-dependent py-

rolysis rate was set to that measured experimentally (only semi-blind calculations 

were performed with CFAST) for the initial calculations, and was then adjusted in 

subsequent parametric calculations. For Test 1 two calculations were conducted 

using a fixed fuel pyrolysis rate of 0.039 kg s-1, based upon published engineering 

information /BAB 02/. This provided a comparison with the blind JASMINE calcula-

tions where the same pyrolysis specification was used.  

In all calculations a two-layer gas assumption was assumed inside the room, but 

the 'ceiling jet' option was inactive.  

The radiative fraction was set to 0.3 in most calculations (0.6 was also investi-

gated). While in most calculations the lower oxygen limit (LOL) was set to 0 %, it 

was adjusted to 10 % in some parametric calculations. The choice of radiative frac-

tion and heat of combustion requires careful scientific/engineering judgment. An 

appropriate choice of the radiative fraction in particular may have a significant bear-

ing on the calculations for upper layer temperature etc. For a discussion of these 

parameters see panel report of the second benchmark exercise /MIL 04/, where the 

terms and their meaning are reviewed.  

B - 4 



• Targets: 

A required approximation in CFAST is that targets are treated as rectangular slabs. 

Furthermore, heat conduction is modeled in one-dimension, i.e. in the direction of 

the surface normal. The surface temperature of the three material probes was cal-

culated, with the target surface normal directed into the compartment (x direction). 

The response of the barrel target was not included in the CFAST calculations be-

cause CFAST is not capable of modeling cylindrical targets.  

JASMINE  

JASMINE /COX 87/ solves the Reynolds-Averaged Navier Stokes (RANS) equations of 

fluid flow on a single-block Cartesian grid. The coupled set of equations for each of the 

three Cartesian velocity components, enthalpy (heat) and other scalars required by the 

various sub-models (e.g. fuel mass and mixture fractions for combustion) is approxi-

mated as a system of algebraic equations that are solved numerically on a discrete 

grid. This generates a solution value for each variable at each grid location. JASMINE 

uses the finite volume method, where the differential equations are first transformed 

into an integral form and then discretised on the control volumes (or cells) defined by 

the numerical grid. This solution procedure is coupled with a variant of the SIMPLE 

pressure-correction scheme /PAT 80/.  

In solving the RANS equations, the fluctuating components of the turbulent motion are 

not solved directly, but instead the effect of turbulence is included by means of a sepa-

rate sub-model. This saves computational effort, and for many industrial applications, 

including fire modeling, has been shown to produce reliable solutions provided a suit-

able turbulence mode is used. JASMINE employs a standard κ-ε turbulence model 

/LAU 74/ with additional buoyancy source terms. An 'effective turbulent viscosity' is 

calculated at each control volume, which can be considered as an increased viscosity 

to incorporate the effects of turbulence. Standard wall functions for enthalpy and mo-

mentum /LAU 74/ describe the turbulent boundary layer adjacent to solid surfaces. 

Transient solutions are generated by a first-order, fully-implicit scheme.  

The fire combustion process is generally modeled using an eddy break-up assumption 

/MAG 76a/ in which the fuel pyrolysis rate is specified as a boundary condition. Com-

bustion is then calculated at all control volumes as a function of fuel concentration, 

oxygen concentration and the local turbulent time-scale (provided by the κ-ε model). A 

simple one-step, infinitely fast chemical reaction is assumed. The eddy break-up model 
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is appropriate for turbulent diffusion flames characteristic of fire, where the rate of reac-

tion is controlled by the comparatively slow mixing of fuel with oxygen. Complete oxida-

tion of the fuel is assumed when sufficient oxygen is available. The effect of oxygen 

concentration on the local rate of burning may be incorporated by setting oxygen and 

temperature limits which define 'burn' and 'no burn' regions. Figure B1 illustrates this 

concept.  

Radiant heat transfer is modeled with either the six-flux model /GOS 73/, which as-

sumes that radiant transfer is normal to the co-ordinate directions or potentially more 

accurate discrete transfer method /LOC 81/. Local absorption-emission properties are 

computed using a mixed grey-gas model /TRU 76/, which calculates the local absorp-

tion coefficient as a function of temperature and gas species concentrations.  

no combustion

combustion

temperature (T)

oxygen 
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(XO2

)
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T1 T2

no combustion

combustion

temperature (T)

oxygen 
concentration 
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)
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Fig. B1 Oxygen - temperature control on combustion in JASMINE  

Thermal conduction into solid boundaries may be included by means of a quasi-steady, 

semi-infinite, one-dimensional assumption, which is appropriate for many smoke 

movement applications. Alternatively, the solution of the one-dimensional heat conduc-

tion equation into the solid is also available. In both methods, the purpose of the solid-

phase conduction calculation is to generate the solid surface temperature, at each con-

trol volume adjacent to a solid boundary at each time step, by balancing the convec-

tion, radiation and conduction heat fluxes. The surface temperature then provides the 

(thermal) boundary condition for the next time-step of the CFD solution.  
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JASMINE has been successfully used to simulate fire and smoke movement in a wide 

variety of construction projects (e.g. atria, hospitals, sport stadia, warehouses, tunnels, 

etc.), as well as in other applications such as a nuclear containment cell, transportation 

vehicles and marine ships. The references /COX 87, MIL 00, MIL 01/ provide some 

examples of JASMINE validation exercises. The panel report /MIL 04/ and the BRE 

technical annex (Appendix H) for the second Benchmark Exercise report the compari-

son of JASMINE calculations and measurement data for the smoke filling of a large 

hall.  

Information relevant to the application of JASMINE to this benchmark exercise is given 

below.  

• Main geometry and thermal boundary conditions: 

Dimensions of the compartment, doorway opening and exhaust ventilation duct 

were modeled exactly as in the problem specification. Only half the compartment 

was modeled, imposing symmetry at the x = 1.8 m plane. The thermal properties of 

the concrete walls, floor and ceiling were included as specified. Conduction losses 

to the room walls, ceiling and floor were included, using the one-dimensional heat 

conduction sub-model available in JASMINE. Radiative and convective fluxes from 

the radiation/gas fields were calculated at each solid surface cell face at each nu-

merical time step.  

• Ventilation through the fan system:  

This was modeled as a time-dependent mass sink, set to a value corresponding to 

the experimentally measured volumetric flow rate. In one open calculation for Test 

3 the flow rate was reduced to 50 % of the experimentally measured value.  

• Fire specification: 

Combustion was included using the eddy break-up sub-model, assuming a kero-

sene fuel source and a simple one-step chemical reaction to yield CO2 and H2O. As 

in the CFAST calculations the fuel source area was 1 m2 and the heat of combus-

tion was set to 4.28 x 107 J kg-1.  

For the blind calculations a fixed fuel pyrolysis rate was assumed from 60 s after ig-

nition (increasing linearly to this value over the first 60 s). A value of 0.039 kg s-1 

was chosen, based upon published engineering information /BAB 02/. The sensitiv-

ity to reducing this value to 0.0234 kg s-1 was investigated. In the semi-blind and 
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open calculations, the fuel pyrolysis rate was set to the experimentally measured 

value, or a fraction (0.5 or 0.75) of this value.  

Oxygen limitation was not applied in the blind or the semi-blind calculations, i.e. fuel 

could be combusted wherever oxygen was available. However, in some of the open 

calculations for Test 3, the effect of oxygen concentration was considered by defin-

ing oxygen/temperature limits (see Fig. B1).  

A main limitation of the fire modeling adopted is the absence of a soot generation 

and subsequent radiation process. An attempt to include the effect of soot formation 

and subsequent radiation emission was, in part at least, incorporated in the reduc-

tion in the fuel pyrolysis rate (as done in most of the semi-blind and open calcula-

tions). The amount of heat then removed represents that which could be expected 

to be 'lost' by radiation from the sooty flame region above the fuel source. The re-

mainder of this heat is assumed to be convected into the rest of the compartment 

or, as a relatively small fraction, by radiation from the plume region due to CO2 and 

H2O. Note also that of the heat convected into the compartment, some of this is 

subsequently radiated from the smoke gases (due to CO2 and H2O). Note that this 

approach and analysis can be judged only as rather approximate, and that the note 

made above under CFAST regarding the choice of radiative fraction (here the heat 

'lost' by radiation) and heat of combustion applies equally to CFD modeling.  

• Targets: 

The thermal response of the material probe targets and the heat flow densities 

(WS2, WS3 & WS4) was included in the JASMINE calculations. Furthermore, the 

wall surface temperatures at the locations of the plates/thermocouples (M19 etc) 

were calculated. While the blockage due to the barrel target was included, its ther-

mal response was not modeled and therefore no comparisons were made with the 

barrel temperature measurements.  

• Radiation: 

The six-flux radiation model was employed for all blind and semi-blind calculations. 

This provides a reasonable and efficient treatment for radiation exchange between 

the hot smoke gases and the compartment boundaries. Its primary limitation with 

respect to this benchmark exercise is that the radiation intensities are modeled in 

the Cartesian axial directions, and so important off-axis directional information may 

be missed. This may have a consequence for the target heating and heat flux den-

sity calculations.  
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The discrete transfer radiation model was used instead of the six-flux model in open 

calculations for Test 3. This is potentially more accurate as it considers radiative 

transport in more than just the three Cartesian axis directions. In the benchmark 

exercise a total of 8 radiation rays were considered at each surface element.  

Emission/absorption due to the presence of the primary products of combustion, i.e. 

CO2 and H2O, was included, but not soot (which was not explicitly included in the 

JASMINE calculations).  

• Other settings:  

A numerical mesh of approximately 80.000 cells was employed. The numerical 

time-step was fixed at 2.5 s throughout. For all calculations the κ-ε turbulence 

model with buoyancy modifications was employed.  
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B3 Comparison of Code Predictions with Test Results  

Results are presented in this section primarily as graphs that compare directly calcu-

lated quantities against experimental measurements. As in Section B2 above, the 

CFAST work is presented first followed by that performed with JASMINE.  

CFAST  

Semi-blind CFAST calculations (runs) were performed for Tests 1 and 3. Table B1 

summarizes the main features of each of these calculations.  

Table B1 CFAST semi-blind calculation runs  

Test Run No. Fuel release 
rate 

 

Flame 
base 

height 

Radiative 
fraction 

Lower oxy-
gen limit 

(LOL) 

Mechanical 
vent flow 

1 run 1 measured 0 0.6 0 % 2 m3 s-1 

1 run 2 0.039 kg s-1 0 0.3 0 % 2 m3 s-1 

1 run 3 0.039 kg s-1 0 0.3 0 % 1 m3 s-1 

3 run 1 measured 0 0.3 0 % 1.5 m3 s-1 

3 run 2 limited * 0 0.3 0 % 1.5 m3 s-1 

3 run 3 limited * 0 0.3 0 % 1 m3 s-1 

3 run 4 limited * 0 0.3 10% 1.5 m3 s-1 

3 run 5 limited * 0.2 m 0.3 10% 1.5 m3 s-1 

* measured rate but with upper limit clamped at 0.06 kg s-1 

Fig. B2 compares predicted and measured gas temperatures for Test 1, where for the 

measurements two thermocouple locations are shown for the lower, mid and upper part 

of the compartment. Fig. B3 compares the predicted layer height for the three CFAST 

runs. Fig. B4 to Fig. B7 compare predicted and measured oxygen concentration, sur-

face temperatures and flux densities for Test 1.  
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Fig. B8 to Fig. B13 repeat the above comparisons for Test 3, where for the plot of 

CFAST layer heights only two of the runs are shown.  

The runs included in Table B1 are those for which converged CFAST simulations were 

achieved. Other parametric combinations were attempted for which a converged solu-

tion was not achieved. This is perhaps a reflection on that the physics of the two ex-

periments is quite complex.  

The main observations and findings from the CFAST calculations are summarized be-

low:  

• For Test 1 the choice of a radiative fraction of 0.6, coupled to the measured fuel 

pyrolysis rate, resulted in an upper gas layer temperature close to that measured. 

The layer height predictions, with the layer dropping to approximately 1 m, were 

perhaps less representative of the actual experiment.  

For Test 3 the upper gas layer temperature predictions were less encouraging, with 

an over-prediction in all parametric calculations undertaken. This was observed, in 

particular, in the earlier stage of the experiment. It should be notes that radiative 

fractions higher than 0.3, and up to 0.6, were attempted but that converged solu-

tions were not then obtainable.  

• For Test 1 the calculated oxygen concentration appears reasonable. For Test 3 the 

calculated oxygen concentration, while dropping to zero, does so much more 

quickly than suggested by the experimental measurement. This is most likely cou-

pled to the fact that too much burning, and associated gas temperature rise, was 

predicted in the calculation compared to the actual experiment.  

For Test 3, where the oxygen concentration dropped to zero, whether the lower 

oxygen limit was set to 10 % or zero (compare CFAST runs 2 and 4) had very little 

influence on the calculated values.  

• Surface temperatures and incident fluxes for Test 1 were reasonable for the two 

calculations using a fixed fuel pyrolysis rate of 0.039 kg s-1, but for the calculation 

using the measured pyrolysis rate they were notably higher than the measured val-

ues. Note that this is despite the calculated upper gas temperature being closer to 

the measurements when using the measured pyrolysis rate.  
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• Test 3 calculations for wall surface temperature were reasonably close to the ex-

perimental measurements for all the parametric runs. Material probe surface tem-

peratures and the heat flux densities were, however, over-predicted compared to 

measurement in all parametric runs. This may be due, in part at least, to three-

dimensional geometry effects that cannot be captured using a zone model such as 

CFAST.  

• Despite the limitation that the flow rate through the mechanical exhaust was fixed in 

value, and did not vary according to the measurement data, this probably had only 

a small consequence. However, a more rigorous analysis of the effect of the flow 

rate imposed at the mechanical extract vent has been performed with JASMINE 

(see below).  
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Fig. B2 Measured and CFAST predicted gas layer temperatures for Test 1  
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Expt 1 layer interface - CFAST semi-blind
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Fig. B3 CFAST predicted hot gas layer height for Test 1  
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Expt 1 compartment gas analysis - CFAST semi-blind
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Fig. B4 Measured and CFAST predicted oxygen concentrations for Test 1  
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Expt 1 compartment surface temperatures - CFAST semi-blind
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Fig. B5 Measured and CFAST predicted wall surface temperatures for Test 1  
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Expt 1 probe surface temperatures - CFAST semi-blind
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Fig. B6 Measured and CFAST material probe surface temperatures for Test 1  

B - 18 



Expt 1 flux densities - CFAST semi-blind
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Fig. B7 Measured and CFAST flux densities for Test 1  
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Expt 3 compartment temperatures - CFAST semi-blind

0

200

400

600

800

1000

0 300 600 900 1200 1500

Time (s)

Te
m

pe
ra

tu
re

 (C
)

expt M16
expt M15
expt M12
expt M11
expt M8
expt M7
CFAST run 1 UGL
CFAST run 1 LGL

Expt 3 compartment temperatures - CFAST semi-blind

0

200

400

600

800

1000

0 300 600 900 1200 1500

Time (s)

Te
m

pe
ra

tu
re

 (C
)

expt M16
expt M15
expt M12
expt M11
expt M8
expt M7
CFAST run 2 UGL
CFAST run 2 LGL

Expt 3 compartment temperatures - CFAST semi-blind

0

200

400

600

800

1000

0 300 600 900 1200 1500

Time (s)

Te
m

pe
ra

tu
re

 (C
)

expt M16
expt M15
expt M12
expt M11
expt M8
expt M7
CFAST run 3 UGL
CFAST run 3 LGL

 

Fig. B8 Measured and CFAST predicted gas layer temperatures for Test 3  
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Fig. B8 Measured and CFAST predicted gas layer temperatures for Test 3 (contd.)  
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Expt 3 layer interface - CFAST semi-blind
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Fig. B9 CFAST predicted hot gas layer height for Test 3  
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Fig. B10Measured and CFAST predicted oxygen concentrations for Test 3
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Fig. B10 Measured and CFAST predicted oxygen concentrations for Test 3 (contd.)  
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Expt 3 compartment surface temperatures - CFAST semi-blind
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Fig. B11 Measured and CFAST predicted wall surface temperatures for Test 3  
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Fig. B11 Measured and CFAST predicted wall surface temperatures for Test 3 

(contd.)  
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Expt 3 probe surface temperatures - CFAST semi-blind
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Fig. B12Measured and CFAST material probe surface temperatures for Test 3
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Fig. B12 Measured and CFAST material probe surface temperatures for Test 3 

(contd.)  
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Expt 3 flux densities - CFAST semi-blind
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Fig. B13 Measured and CFAST flux densities for Test 3  
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Expt 3 flux densities - CFAST semi-blind
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Fig. B13 Measured and CFAST flux densities for Test 3 (contd.)  

JASMINE  

As noted above in the input parameters and assumptions section, a number of para-

metric calculations (runs) were performed for Tests 1 and 3 in the blind and open 

stages of the benchmark exercise. Additional open calculations were then conducted 

for Test 3. Tables B2, B3 and B4 summarize the main features of these calculations.  
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Table B2 JASMINE blind calculation runs  

Test Run no. Fuel release 
rate 

Radiation 
model 

Oxygen limit on 
combustion 

Mechanical 
vent flow 

1 run 1 0.039 kg s-1 six-flux none measured 

1 run 2 0.0234 kg s-1 six-flux none measured 

3 run 1 0.039 kg s-1 six-flux none measured 

3 run 2 0.0234 kg s-1 six-flux none measured 

Table B3 JASMINE semi-blind calculation runs  

Test Run no. Fuel release 
rate 

Radiation 
model 

Oxygen limit on 
combustion 

Mechanical 
vent flow 

1 run 1 0.75 x measured six-flux none measured 

3 run 1 measured six-flux none measured 

3 run 2 0.75 x measured six-flux none measured 

Table B4 JASMINE open calculation runs  

Expe-
riment 

Run no. Fuel release 
rate 

Radiation 
model 

Oxygen limit on 
combustion * 

Mechanical 
vent flow 

3 run 1 0.75 x measured discrete 
transfer none measured 

3 run 2 0.5 x measured discrete 
transfer 

X1  = 15 %, T1 = 
300 °C, T2 = 

600 °C 
measured 

3 run 3 0.75 x measured six-flux 
X1 = 15 %, T1 = 

300 °C, T2 = 
600 °C 

measured 

3 run 4 0.75 x measured discrete 
transfer 

X1 = 15 %, T1 = 
300  C, T2 = 

600 °C 
measured 

3 run 5 measured discrete 
transfer 

X1 = 15 %, T1 = 
300 °C, T2 = 

600°C 
measured 
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3 run 6 ** 0.75 x measured discrete 
transfer 

X1 = 15 %, T1 = 
550 °C, T2 = 

600°C 
measured 

3 run 7 0.75 x measured discrete 
transfer 

X1 = 15 %, T1 = 
300 °C, T2 = 

600 °C 

0.5 x meas-
ured 

* see Fig. B2 for explanation of X1,T1 and T2 
** data not presented in this annex 

Fig. B14 illustrates the single-block, Cartesian grid used in the JAMSINE calculations, 

which included approximately 80.000 cells. Note that the grid is relatively uniform, with 

a minimum cell dimension of 0.05 m in each direction and a maximum cell dimension of 

0.3 m (outside the compartment).  

Fig. B15 illustrates the development of gas temperatures over the first 18 minutes in 

the JASMINE semi-blind calculation for Test 1. Note that at 18 minutes the CFD solu-

tion had diverged, so the calculated temperatures are no longer valid. Fig. B16 shows 

the oxygen mass fraction at 1 and 15 minutes for the same simulation. Fig. B17 and 

Fig. B18 show the same information for semi-blind (run 1) calculation for Test 3. 

Fig. B19 - Fig. B22 present various comparisons between measured and predicted 

values for the blind JASMINE simulations of Test 1. Note that as this part of the 

benchmark activity was considered to be 'exploratory' in nature, detailed comparisons 

between measurement and prediction was conducted only for a few key variables. Fig. 

B23 - Fig. B26 present the comparative plots for the blind simulations of Test 3. 

Fig. B27 - Fig. B31 compare predicted and measured gas temperatures (at selected 

measurement locations), oxygen concentration, surface temperatures, heat flux densi-

ties and doorway velocities for Test 1. Fig. B32 - Fig. B37 show the comparisons for 

Test 3. 

The main observations and findings from the JASMINE blind and semi-blind calcula-

tions are summarized below: 

• The blind calculations for both experiments, when using the higher fuel pyrolysis 

rate of 0.039 kg s-1, were quite encouraging considering the physics of the problem. 

A simple engineering estimate of pyrolysis rate was in this case sufficient to capture 

the main gas phase properties of the experiments. Obviously, the transient effects 
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due to changes in pyrolysis rate due to the development of conditions inside the 

enclosure were not captured. 

A main discrepancy between the blind calculations and the measurements was in 

the doorway vent flow in Test 3, where in contrast to the flow being predominantly 

into the compartment as indicated in the predictions, the measurements suggest a 

more distinct two-way flow at the wall vent. This discrepancy may be due, in part at 

least, to the imposed exhaust flow at the mechanical ventilation duct in the 

JASMINE calculations forcing a significant amount of air into the compartment 

through the wall vent. 

• The semi-blind calculations for Test 1, using the fuel pyrolysis rate derived from the 

experimental measurements (actually 75 % of the measured pyrolysis rate - to ac-

count for radiation losses due to soot), were judged encouraging. The gross fea-

tures of the gas temperatures, doorway flows and radiation fluxes were captured 

quite well. Compartment temperature was arguably calculated to rise too quickly. 

Whereas the calculated flux densities at WS2 and WS3 were quite reasonable, the 

predicted flux density at WS4 (towards the front of the compartment) was signifi-

cantly lower than that measured. This could be attributed perhaps to the use of the 

six-flux radiation model, which misses some of the important angular radiant inten-

sity information. 

While for Test 3 the semi-blind calculations were generally considered quite rea-

sonable, there was however greater discrepancy with the measured data compared 

to Test 1. In particular, the direction of the wall vent flow was predicted to be pre-

dominantly into the compartment compared to the actual experiment which exhib-

ited a more pronounced two-way flow. And again, there was a noted under-

prediction of the flux density at WS4. Of the two semi-blind simulations, the one us-

ing 75 % of the measured fuel pyrolysis rate generated, on average, results closer 

to the measurements, compared to using the full pyrolysis rate. Recall here that the 

justification for reducing the pyrolysis rate is to account, in the overall energy bal-

ance, the heat lost from radiating soot particulates (not modeled in the JASMINE 

calculations), i.e. akin to the radiative fraction in CFAST. 

A noted feature of the JASMINE calculations when using the measure pyrolysis rate 

as the fuel source term was the convergence difficulties in both experiments after 

about 18 minutes. For Test 3 this coincides with the time where there is a sharp in-

crease in the pyrolysis rate derived from the weight measurements, due possibly to 
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the kerosene boiling off from the fuel tray. This stage of the experiment could be ar-

gued to be beyond what can be reasonably expected for a fire model to predict.  

Fig. B38 - Fig. B42 summarize the results of open calculations that were then un-

dertaken for Test 3 (arguably the more complex of the two experiments) to investi-

gate a number of issues that had arisen. The main findings from these open calcu-

lations were:  

• The choice of the radiation model. Calculations were repeated using the discrete 

transfer radiation model, which includes radiant intensity information from the whole 

hemisphere surrounding a surface point, e.g. a material probe location, and not just 

the Cartesian axis directions.  

Comparing the predictions from open calculations runs 3 and 4, where the only dif-

ference is in the radiation model, it can be seen that there is only a minimal sensitiv-

ity to the choice of model for all output variables. On note is the fact that the under-

prediction of the flux density at WS4 is maintained even with the discrete transfer 

radiation model, suggesting that the cause of the discrepancy with measurement 

lies elsewhere.  

• The influence of oxygen concentration on the fuel combustion process. In all blind 

and semi-blind calculations the effect of oxygen limitation on the combustion proc-

ess had been ignored, i.e. the local rate of combustion was controlled by the 

amount of oxygen and fuel available and the local turbulent time-scale. No addi-

tional limit was imposed whereby oxygen concentration dropping below some 

threshold terminated the reaction. In the open stage, calculations were preformed 

with an additional oxygen limiter, as described above in Section B2 (Input Parame-

ters and Assumptions) and Fig. B1. Table B4 details the oxygen/temperature limit-

ing parameters investigated. Note that the choice of X1,T1,T2 =15 %, 300 °C, 600 °C 

follows the settings used previously in FDS calculations.  

There was no significant influence on the calculated variables when invoking the 

additional oxygen limitation mechanism, as illustrated by comparing the results for 

blind runs 1 and 4 (which were otherwise identical). It is perhaps not too surprising 

that little difference was observed due to the high compartment temperatures, as 

even with the additional oxygen limitation mechanism combustion still occurs if the 

local gas temperature is sufficiently high.  
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• The influence of the imposed exhaust at the mechanical ventilation duct It had been 

considered possible that the level of the imposed exhaust might be the primary rea-

son for the JASMINE calculations indicating less outflow from the wall vent com-

pared to that suggested by the experimental measurements.  

Blind runs 4 and 7 compare directly the effect of reducing the imposed exhaust rate 

by 50 %. The overall effect, however, was to reduce the level of agreement be-

tween predicted and measured temperatures and fluxes. Even the wall vent flow 

was only marginally more bi-directional.  

Mass and energy 'budgets' are shown in Fig. B43 - Fig. B44 respectively for some of 

the open calculations for Test 3. The energy ‘budget’ in particular is quite informative 

and illustrates that both heat losses to the solid boundaries and heat convected 

through the mechanical ventilation duct are significant.  

A general note from the JASMINE work is that the presence of soot, and the subse-

quent radiation absorption and emission, may have an important bearing on the gas 

temperatures predicted. This in turn influences the radiation fluxes significantly (bearing 

in mind the T4 dependency on radiant intensity), which then has a major influence on 

the conduction into the walls and targets and their temperature rise.  
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Fig. B14 JASMINE CFD grid  
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3 minutes 1 minute 

10 minutes 5 minutes 

 

Fig. B15 JASMINE calculated temperatures for Test 1 (semi-blind)  
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15 minutes 15 minutes 

18 minutes - 
but solution 
has diverged 

 

Fig. B15 JASMINE calculated temperatures for Test 1 (semi-blind) (contd.)  
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1 minute 15 minutes 

Fig. B16 JASMINE calculated O2 mass fraction for Test 1 (semi-blind)  
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1 minute 3 minutes 

5 minutes 10 minutes 

 

Fig. B17 JASMINE calculated temperatures for Test 3 (semi-blind run 1)  
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15 minutes 15 minutes 

Fig. B17 JASMINE calculated temperatures for Test 3 (semi-blind run 1) (contd.)  

 

1 minute 15 minutes 

Fig. B18 JASMINE calculated O2 mass fraction for Test 3 (semi-blind run 1)  
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Fig. B19 Measured and JASMINE predicted (blind) gas temperatures for Test 1 
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Note that Jasmine data gives mass fraction 

Expt 3 compartment gas analysis - JASMINE blind
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Fig. B20 Measured and JASMINE predicted (blind) oxygen concentration for Test 1  
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Expt 1 compartment surface temperatures - JASMINE blind
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Fig. B21 Measured and JASMINE predicted (blind) wall surface temperaures for 

Test 1´ 
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Expt 1 door velocities - JASMINE blind
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Fig. B22 Measured and JASMINE predicted (blind) door velocities for Test 1  
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Fig. B23 Measured and JASMINE predicted (blind) gas temperatures for Test 3  
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Note that Jasmine data gives mass fraction 
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Fig. B24 Measured and JASMINE predicted (blind) oxygen concentration for Test 3  

B - 47 



Expt 3 compartment surface temperatures - JASMINE blind
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Fig. B25 Measured and JASMINE predicted (blind) wall surface temperaures for 

Test 3  
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Fig. B26 Measured and JASMINE predicted (blind) door velocities for Test 3  
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Expt 1 compartment temperatures - JASMINE semi-blind
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Fig. B27 Measured and JASMINE predicted (semi-blind) gas temperatures for Test 1  
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Fig. B28 Measured and JASMINE predicted (semi-blind) oxygen concentration for 

Test 1 
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Expt 1 compartment surface temperatures - JASMINE semi-blind
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Fig. B29 Measured and JASMINE predicted (semi-blind) wall surface temperaures 

for Test 1  
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Fig. B30 Measured and JASMINE predicted (semi-blind) flux densities for Test 1  
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Expt 1 door velocities - JASMINE semi-blind
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Fig. B31 Measured and JASMINE predicted (semi-blind) door velocities for Test 1  
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Expt 3 compartment temperatures - JASMINE semi-blind
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Fig. B32 Measured and JASMINE predicted (semi-blind) gas temperatures for Test 3  
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Fig. B33 Measured and JASMINE predicted (semi-blind) oxygen concentration for 

Test 3  
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Expt 3 compartment surface temperatures - JASMINE semi-blind

0

200

400

600

800

1000

0 300 600 900 1200 1500

Time (s)

Te
m

pe
ra

tu
re

 (C
) expt M20

expt M23
expt M19
expt M22
Jas run 1 M20/23
Jas run 1 M19/22

Expt 3 compartment surface temperatures - JASMINE semi-blind

0

200

400

600

800

1000

0 300 600 900 1200 1500

Time (s)

Te
m

pe
ra

tu
re

 (C
) expt M20

expt M23
expt M19
expt M22
Jas run 2 M20/23
Jas run 2 M19/22

 

Fig. B34 Measured and JASMINE predicted (semi-blind) wall surface temperaures 

for Test 3  
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Expt 3 probe surface temperatures - JASMINE semi-blind
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Fig. B35 Measured and JASMINE predicted (semi-blind) wall surface temperaures 

for Test 3  
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Expt 3 flux densities - JASMINE semi-blind
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Fig. B36 Measured and JASMINE predicted (semi-blind) flux densities for Test 3  
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Fig. B37 Measured and JASMINE predicted (semi-blind) door velocities for Test 3  
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Expt 3 compartment temperatures - JASMINE open
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Fig. B38 Measured and JASMINE predicted (open) gas temperatures for Test 3  
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Fig. B38 Measured and JASMINE predicted (open) gas temperatures for Test 3 

(contd.)  
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Fig. B39 Measured and JASMINE predicted (open) oxygen concentration for Test 3  
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Expt 3 compartment gas analysis - JASMINE open
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Fig. B39 Measured and JASMINE predicted (open) oxygen concentration for Test 3 

(contd.)  
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Fig. B40 Measured and JASMINE predicted (open) wall surface temperaures for 

Test 3  
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Expt 3 compartment surface temperatures - JASMINE open
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Fig. B40 Measured and JASMINE predicted (open) wall surface temperaures for 

Test 3 (contd.)  
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Expt 3 flux densities - JASMINE open
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Fig. B41 Measured and JASMINE predicted (open) flux densities for Test 3  
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Fig. B41 Measured and JASMINE predicted (open) flux densities for Test 3 (contd.)  
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Expt 3 door velocities - JASMINE open
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Fig. B42 Measured and JASMINE predicted (open) door velocities for Test 3  
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Fig. B43 JASMINE predicted (open) mass flow rates for Test 3  
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Fig. B44 JASMINE predicted (open) heat losses for Test 3 
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B4 General Conclusions and Recommendations  

The main findings for both the CFAST and JASMINE work were reported in the above 

section of the annex. The overall conclusions, and some recommendations, are given 

below:  

• Both experiments were challenging to model, with either CFAST or JASMINE. This 

was due partly to the relatively large size of fire for the size of compartment, gener-

ating 'flashed over' conditions. Heat transfer to the compartment boundaries is then 

an important process. Radiation emission and absorption from CO2, H2O and soot 

particulates is also very important, and is closely coupled to the transfer of energy 

to the solid boundaries. Test 3 was oxygen controlled adding a further complexity.  

For these reasons it is not surprising that convergence was an issue with JASMINE 

and also, with some combinations of input parameters, CFAST. For CFAST this 

was the first benchmark exercise that has provided such difficulties for the author.  

• A major additional challenge of this benchmark exercise, for the blind calculations 

at least, was the specification of the fuel pyrolysis rate. Given the importance of ra-

diative feedback and soot formation in determining the pyrolysis rate, the task of 

calculating this parameter is quite significant. Furthermore, as the fire is inside an 

enclosure, the effect of radiative feedback from the enclosure boundaries is also 

important.  

Despite the above issues, the blind predictions made with JASMINE were quite en-

couraging. Using an empirical expression for the fuel pyrolysis rate, it was possible 

to capture the main gas phase properties of the experiments. Furthermore, for the 

CFAST semi-blind calculations for Test 1 where the same empirical fuel pyrolysis 

rate term was employed the results were encouraging. Indeed, although the tran-

sient nature of the fire development, due to the pyrolysis rate changing with time, 

was missed, these CFAST calculations yielded results closer on average to the 

measured ones than those calculations performed using the measured fuel pyroly-

sis rate.  

• In Test 1 the CFAST calculations, when using the measured fuel pyrolysis rate, 

yielded gas temperatures comparable to those measured provided the radiative 

fraction was set to a high value (0.6). For Test 3 the gas temperatures calculated by 

CFAST were significantly higher than those measured. This may have been due to 

B - 71 



setting the radiative fraction to 0.3. However, it was not possible to achieve numeri-

cal convergence when using a higher radiative fraction. This suggests that the two 

layer zone modeling approach may not be suited to scenarios such as Test 3 where 

there is an oxygen limited, post flashover fire inside an enclosed space.  

• The value in reducing the compartment space into an upper and lower gas layer is 

perhaps questionable for scenarios such as Benchmark Exercise 3 where there is 

significant mixing inside the space. Nonetheless, CFAST calculated that the layer 

interface height dropped to floor level in Test 3, and this can be interpreted as a 

correct behavior. For Test 1, CFAST calculated a layer height of about 1 m, which 

is a questionable result as in the experiment there was no distinct lower layer.  

• JASMINE calculations yielded reasonable gas temperatures, surface temperatures 

and fluxes provided some account was made for the radiation losses due to soot 

particulates. Soot was not modeled in the calculations, and so a reduction in the 

measured fuel pyrolysis rate was required to account for this. A somewhat arbitrary 

value of a 25 % reduction in pyrolysis rate yielded reasonable results. It is recom-

mended that for CFD models the development of reliable, and computationally ex-

pedient, soot formation/combustion models is addressed further. For some promis-

ing work undertaken recently in this area see the reference /LAU 05/.  

It was noted that the JASMINE calculations could not be conducted after about 18 

minutes in both tests due to convergence difficulties. For Test 3 this considered with 

a sharp rise in fuel pyrolysis rate, which would have been caused by physical proc-

esses arguably beyond the capability of current fire models.  

• Agreement between predicted and measured flux densities followed, to a greater 

extent, that observed for gas temperature, e.g. the over-prediction of flux densities 

for the CFAST calculations for Test 3 follows the over-prediction of compartment 

gas temperature. A notable discrepancy between predicted and measured flux oc-

curred with JASMINE at measurement location WS4 towards the front of the com-

partment. While it has been suggested originally that this was due to the use of the 

six-flux radiation model, later open calculations using the discrete transfer model 

yielded very similar results.  

As remarked in previous benchmark exercises, it is important to stress that the 

quality of any target response calculation is only as good as the quality of the gas 

phase and radiation transfer predictions.  
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• The specification of the exhaust flow rate through the mechanical ventilation 

(FUCHS) warrants further consideration. For Test 3 the CFD (JASMINE) calcula-

tions indicated that the flow of mass and heat through the duct was quite significant, 

to the extent that the flow at the wall vent was nearly all directed from the outside 

into the compartment. This resulted in very little outflow of combustion products. 

However, the measured gas velocity at the wall vent suggests that in the experi-

ment there was a more substantial outflow of combustion gases. An open calcula-

tion where the imposed mechanical ventilation exhaust flow was reduced by 50 % 

yielded a wall vent outflow closer to that measured, but still somewhat lower. Fur-

thermore, the agreement in the other variables such as compartment gas tempera-

tures was then reduced.  

• As in Benchmark Exercise 3, the difficulty in specifying time-varying mechanical 

ventilation in CFAST was noted. However, judging from the results obtained, the 

significance of using a fixed exhaust rate at the mechanical ventilation duct seems 

not to have been critical in Benchmark Exercise 4.  
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Abstract  

The analysis presented in this report was conducted for Benchmark Exercise No. 4 in 

the International Collaborative Fire Model Project (ICFMP). The analysis was con-

ducted with the Consolidated Model for Fire and Smoke Transport (CFAST) Version 

3.1.7, a zone model, and Fire Dynamics Simulator (FDS) Version 3.1.5, a computa-

tional fluid dynamic model developed by the Building Fire Research Laboratory (BFRL), 

National Institute of Standards and Technology (NIST). The U.S. Nuclear Regulatory 

Commission (NRC) is evaluating the CFAST and FDS fire models developed by the 

National Institute of Standards and Technology for use in NRC’s regulatory framework. 

The objective of the 4th Benchmark Exercise was to examine scenarios in a compart-

ment with intense fire sources. FDS, including its output processor Smokeview, pro-

vides a useful tool to examine the phenomena involved in the scenarios, specifically for 

examining the flow patterns and behavior through the door or ventilation opening. The 

trends of the results from FDS show that the code contains the physics and is capable 

of simulating the complex phenomena in the fire scenarios in this exercise. However, 

CFAST in its current form is unsuitable for simulating these scenarios. Although rela-

tively good general performance is observed for FDS, the heat flux models (for radia-

tion and convection) and target models in FDS require improvement before they can be 

reliably used for NPP applications. The code also requires improvement to accurately 

simulate plume behavior and tilting due to varying flow conditions in a compartment.  
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Executive Summary  

The analysis presented in this report was conducted for Benchmark Exercise No. 4 in 

the International Collaborative Fire Model Project (ICFMP). The analysis was con-

ducted with CFAST Version 3.1.7, a zone model, and FDS Version 3.1.5, a computa-

tional fluid dynamic model (CFD) developed by the National Institute of Standards and 

Technology. The U.S. Nuclear Regulatory Commission (NRC) is evaluating the CFAST 

and FDS fire models developed by the National Institute of Standards and Technology 

for use in NRC´s regulatory framework. The objective of the 4th Benchmark Exercise 

was to examine scenarios in a compartment with intense fire sources. The fire scenar-

ios in Benchmark Exercise No. 4 are considered to be the most complex and severe 

that analysts would model for NPP applications. The scenarios apply to either a very 

large fire size to compartment volume ratio, or applications involving the calculation of 

heat fluxes and target response near the fire. 

FDS, including Smokeview, provides a useful tool to examine the phenomena involved 

in the scenarios. The tools were useful in deriving interesting observations regarding 

the flow pattern and behavior through the door or ventilation opening. The FDS code 

demonstrated the capability to simulate the severe fire scenarios in Benchmark Exer-

cise No. 4. Temperatures in these scenarios reached 1000 °C, and heat fluxes of up o 

100 kW/m2 were observed. These ranges represent the most extreme thermal envi-

ronments one might expect in NPP applications. The accuracy of the model for com-

puting local gas temperature is best.  

Several difficulties were encountered with the CFAST code including instabilities in the 

computation of several parameters. Although the CFAST prediction of global parame-

ters (HGL temperature, interface height) was within 20 %, CFAST predicted unrealistic 

values for heat flux to the targets and walls, and the corresponding target and wall 

temperatures.  

There were convergence issues in the CFAST simulation of the more severe test. The 

simulation halted before completion. CFAST is sensitive in cases with a high heat flux. 

The penetration of the thermal wave in the compartment floor and in less dense mate-

rials with low thermal conductivity poses numerical challenges for the CFAST code 

causing the simulation to halt before the end of the transient. Although the CFAST 

model could be used to compute global parameters for the less severe scenario in this 

Benchmark Exercise, its use is limited and not recommended for computing heat fluxes 
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and target responses due to the limitations noted above. For more severe scenarios, 

the two zone approximation and inherent weaknesses in the code limit its applications. 

The CFAST model is unsuitable for these scenarios with intense fire sources.  

Although relatively good general performance is observed for FDS, the error of the heat 

flux predictions by FDS can be large (up to 59 %). There are specific weaknesses in 

the heat flux models in FDS which make it unreliable for predicting heat fluxes to tar-

gets in NPPs.  

The FDS code also requires improvement to accurately simulate plume behavior and 

tilting due to varying flow conditions in a compartment. FDS computations of the plume 

predict a larger tilt due to flow conditions, whereas, the plumes in the experiments are 

observed to be stiffer and influenced less by flow conditions. This inaccuracy in FDS 

limits the reliability of using FDS to evaluate targets near the plume.  

A detailed heat transfer model for the barrel target used in the experiments will be fairly 

complex. The CFAST and FDS fire models are not capable of modeling complex con-

figurations such as the barrel for storing radioactive waste. The cylindrical geometry 

and multi-material composition poses challenges for modeling. Similar limitations of 

CFAST and FDS for modeling cable targets were noted in ICFMP Benchmark Exercise 

No. 1 /DEY 02/.  

The large uncertainties in the prediction of heat flux to the targets limit the reliability of 

using FDS or CFAST for predicting target temperatures. Lack of ability to model targets 

other than rectangular slabs, e.g. radioactive waste barrels, limit the usefulness of the 

codes for NPP target analysis.  

Although the fluid dynamics of the scenario is simulated well by FDS, the simple extinc-

tion model in FDS (LOL) decreases the heat output from the fire in the more severe 

scenario when in reality combustion is fully sustained. The algorithm in FDS for ac-

counting for the under-ventilation of the fire is too simplistic for complex scenarios as in 

this Benchmark Exercise.  

The CFAST and FDS codes do not have the capability to model multi-layer boundaries; 

therefore, a single-layer assumption had to be adopted to model the multi-layer 

boundaries in this Benchmark Exercise. Further, the multi-layer composition of the tar-

get barrel could not be modeled, although the modeling of the cylindrical geometry is a 
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more fundamental limitation. The use of these codes for complex target geometries 

and composition is very limited.  

The CFAST model requires major fundamental improvements if it is to be used for fire 

scenarios with intense fire sources such as those examined in this Benchmark Exer-

cise. The heat flux models (for radiation and convection) and target models in FDS re-

quire improvement before they can be reliably used for NPP applications. The simple 

algorithms for modeling extinction in FDS should be corrected to maintain the HRRs 

prescribed by the user to improve the performance and accuracy of the model. The ba-

sic extinction phenomena require a more fundamental treatment in FDS to be able to 

predict under-ventilated conditions. Finally, the ability to simulate multi-layer bounda-

ries and targets needs to be implemented in FDS for NPP applications.  

The tests used in this Benchmark Exercise provide fire scenarios with intense fire 

sources in a compartment. It will be beneficial to conduct tests that provide a range of 

fire intensities so that one can determine the limits of zone models over which their 

theoretical formulations remain valid.  
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C1 Introduction  

The validation study of the CFAST and FDS fire computer codes presented here was 

conducted as part of Benchmark Exercise No. 4 of the International Collaborative Fire 

Model Project (ICFMP). The USNRC exercised the CFAST and FDS codes, developed 

by the National Institute of Standards and Technology (NIST), as part of its program to 

evaluate and validate these computer codes for use in NRC´s regulatory framework. A 

complete specification of the exercise is in the main report. The following provides a 

summary of the specification of the Benchmark Exercise.  

C1.1 Specification of International Benchmarking Exercise No. 4  

Experiments with large pool fires in a compartment conducted at iBMB (Institut für 

Baustoffe, Massivbau und Brandschutz) of Braunschweig University of Technology, 

Germany were used for this Benchmark Exercise.  

C1.1.1 Room Geometry  

The experimental room (see Fig. C1) has a floor area of 3.6 m x 3.6 m and a height of 

5.7 m. The room is made of concrete and is naturally and mechanically ventilated. The 

surface materials as well and the thermo-physical properties of those materials are 

listed in Table C1 and Table C2.  

C - 1 



 

Fig. C1 Compartment for Benchmark Exercise No. 4  
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Table C1 Wall, floor, and ceiling material  

Surface Material Thickness [m] 

Concrete 0.3 Floor 

Aerated concrete 0.6 

Light concrete  0.25 Side walls 

Insulation 0.05 

Concrete 0.25 Ceiling 

Insulation 0.05 

Light concrete   0.125 Side walls channel 

Insulation 0.06 

Concrete 0.13 Ceiling channel 

Insulation 0.07 

Table C2 Thermo-physical properties of wall, floor, and ceiling materials  

Material Thermal conductivity 
[W/m K] 

Specific Heat
[kJ/kg K] 

Density 
[kJ/m3] 

Concrete 2.10   880 2400 

Aerated concrete 0.75   840 1500 

Light concrete 0.11 1350   420 

Insulation 0.05 1500   100 

C1.1.2 Natural Ventilation  

In Test 1, an open door (see Fig. C1) is located at the center of the front wall (x = 1.8; y 

= 0). The door has an area of 0.7 m x 3.0 m = 2.1 m2. The lower edge of the door is just 

above the aerated concrete (see section 1.1.4 for further details) at z = 0.6 m. All other 

doors are closed.  
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In Test 3, the door opening was partly closed. The free cross section was reduced to 

0.7 m x 1.0 m and opening starts at an elevation of 1.6 m (1 m above the aerated con-

crete bottom surface).  

C1.1.3 Mechanical Ventilation  

There are two ventilation ducts with a width of 0.42 m and a height of 1.03 m at the 

ceiling. The length of both ducts is approximately 3.625 m and leads to the fan system. 

Although the fan system was not in use, flow velocities were measured.  

C1.1.4 Fire  

In the center of the floor area, a pan with a size of 4 m2 has been installed on a weight 

scale.  

The bottom level of this pan has an elevation of about 0.36 m. The depth is approxi-

mately 0.3 m high. The kerosene mass loss is measured with the scale. To protect this 

measurement aerated concrete has been applied around this pan on the complete floor 

area up to an elevation of 0.6 m. Also, the inner side of the large pan was covered by 

0.05 m thick light concrete plates for protection.  

In the center of the large pan, a smaller 1 m2 pan has been installed. The bottom of this 

pan has an elevation of about 0.51 m. The depth is 0.2 m. For stabilization a 0.03 m 

wide steel plate has been installed around the upper edge of the pan side-wall.  

A hood was installed above the front door (see Fig. C1). Using the oxygen consump-

tion method, the energy release can be estimated.  

C1.1.5 Targets  

Three different types of material probes have been positioned on the right side of the 

fire compartment (x = ~ 0 m). The materials are ‘aerated concrete’, concrete and steel. 

The size of these elements is 0.3 m x 0.3 m. The thickness is 0.1 m for the concrete 

probes and 0.02 m for the steel plate. The properties of the materials are listed in 

Table C2. The location of the center surface is also given in Table C3. The sensor M29 

C - 4 



represents the aerated concrete material. Sensors M33 and M34 represents the con-

crete and steel materials, respectively.  

Table C3 Target description and location  

Fire Location [m] 
X Y Z 

 

1.8 1.8 0.51 

 

Target Location [m] Distance 
to  

ID Description Orientation 

X Y Z Fire [m] 

M29 Gas concrete material Pointing at fire 0.08 0.065 1.7 2.39 

M33 Concrete material Pointing at fire 0.08 1.9 1.7 2.09 

M34 Steel material Pointing at fire 0.08 2.8 1.7 2.36 

C2 Input Parameters and Assumptions  

A comprehensive specification of Benchmark Exercise No. 4 was developed such that 

there would be a minimal amount of unspecified parameters and assumptions for the 

analysts conducting predictions for the Specified Calculations per ASTM 1355-05 

/AST 04/. However, there were still some parameters for which values had to be as-

sumed for conducting the Specified Calculations. These are listed and discussed be-

low:  

1. Fire Growth:  

An evaluation of the FDS code to simulate fire growth and burning rate of the kero-

sene in the fuel pan was not attempted in this validation study. Although the capa-

bility to simulate burning rate exists in theory in the FDS code, it is acknowledged 

that such sub-models have inherent limitations that cannot be overcome until fur-

ther research in this area. This research is summarized later in Section C4.4. Also, 

the simulation of fire growth will require a solid to liquid heat transfer model in FDS 

to predict the heat up of the fuel pan. Therefore, the heat release rates (HRRs) 

measured during the experiments were used for this validation study. The use of 

prescribed heat release rates neglects the feedback effect between the fire and the 

compartment conditions. Therefore, the use of prescribed HRRs will include some 
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uncertainty due to the lack of complete simulation of the fire phenomena in the 

compartment.  

2. Heat Release Rate (HRR):  

As indicated above, the HRRs of the fire measured during the experiments were 

used for this validation study. However, the heat release rate measured during the 

end of the transient when the fuel level in the pan was low has a large uncertainty 

associated with it. Oscillations in the heat release rate are noted and may be due 

to the method used to deduce heat release rates from the derivative of mass loss 

rate. The value of this parameter, especially during the oscillations and at the peak 

of the transient, is likely to be the largest source of uncertainty in the predicted re-

sults.  

3. Lower Oxygen Limit (LOL):  

The lower oxygen limit needs to be input to the CFAST code for the simplistic sub-

model for predicting the extinction of the fire. There was no value for LOL included 

in the specifications, allowing judgment from users to define the most appropriate 

value for the experiments. The specification of this parameter has a large effect on 

the prediction of extinction and could be a large source of user effects2. The FDS 

code has a similar scheme to extinguish the fire when oxygen levels decrease be-

low a preset value and temperatures remain sufficiently high, however, the user 

does not need to specify the values. The uncertainty in specifying the LOL may 

have an impact on the predicted results if the fire growth is under-ventilated during 

the transients.  

4. Target Specification:  

A detailed heat transfer model for the barrel used in the experiments will be fairly 

complex. The CFAST and FDS fire models are not capable of modeling complex 

configurations such as the barrel for storing radioactive waste. The cylindrical ge-

ometry and multi-material composition poses challenges for modeling. No attempt 

was made at developing a set of assumptions for the target in the CFAST and FDS 

codes such that predictions of the temperatures in the barrel could me made. Simi-

lar limitations of CFAST and FDS for modeling cable targets were noted in ICFMP 

Benchmark Exercise No. 1 /DEY 02/.  

                                                 
2  Test 1 was under-ventilated so the LOL did not impact the simulation. CFAST did not successfully simu-

late Test 3, as discussed later in Chapter 3. The LOL value chosen would have had an impact on this 
simulation. 

C - 6 



5. Material Properties of Walls and Targets:  

The material properties of the walls, ceiling, floor, and targets were specified for the 

exercise using values available in the literature for these materials. The properties 

of the specific materials used in the experiments may vary from the generic values 

reported in the literature. This may a source of uncertainty in the predicted results.  

6. Radiative Fraction:  

The radiative fraction of the fuel was not specified. The value (0.35) of the radiative 

fraction available in the literature /SFP 95/ for n-dodecane was assumed for the 

analysis. This assumption may have an impact on the predicted results since this 

parameter determines the convective and radiative heat flow from the plume in 

both CFAST and FDS fire codes. This parameter was identified as a key parameter 

effecting fire compartment conditions in ICFMP Benchmark Exercise No. 2 

/MIL 04/. 

7. Ventilation Flow:  

The FUCHS system was simply modeled in CFAST and FDS with prescribed flow 

rates, without accounting for any feedback effects between the ventilation system 

and the compartment. Further, the flow through the FUCHS system was assumed 

to be constant for the CFAST calculations as there is no direct means for providing 

input for varying ventilation flow rates in the code. The average flow rate was used 

as input for CFAST. These assumptions will lead to some uncertainty in the pre-

dicted results.  

8. Grid Size:  

A grid size of 10 cm was used for the FDS calculations. It is recognized that CFD 

calculations are generally sensitive to the grid used. A grid size of 10 cm may be 

optimal for the type of scenarios simulated; however, this was not confirmed 

through a grid sensitivity analysis.  

9. Multi-layer Boundaries:  

The CFAST and FDS codes do not have the capability to model multi-layer 

boundaries, therefore, a single-layer assumption had to be adopted to model the 

aerated concrete around the fuel pan and the concrete floor below. It was assumed 

that the total floor mass consisted of light concrete, with properties in between aer-

ated concrete and concrete, with an equivalent thickness. The layer of insulation 

covering the walls and ceiling was neglected in the calculations since it could not 

be directly modeled in CFAST or FDS.  
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10. Exhaust Hood:  

FDS calculations were conducted with and without the exhaust hood above the 

door of the compartment to determine its effect on the compartment conditions. It 

was determined that modeling the hood had very little effect on the compartment 

conditions. Therefore, no attempt was made to account for the exhaust hood as 

part of a ventilation system in the CFAST calculations.  

11. Heat Flux Comparisons:  

The comparison of heat flux prediction with measured data poses several chal-

lenges. It is important that equivalent measures of heat flux are used in the com-

parison. The flux gauges in the experiments in Benchmark Exercise No. 4 were 

cooled and maintained at a constant temperature (10 °C). The CFAST and FDS 

codes normally output the net heat flux on targets based on the target temperature. 

It is important that these fluxes be modified to the incident radiative heat flux and 

the convective heat flux to a block at constant temperature for comparison with 

measured heat fluxes. Even with the modifications to account for the differences 

between measured and predicted values, an exact comparison is not possible due 

to the lack of ability to exactly measure the calculated values from models. There-

fore, the comparison of heat fluxes will have some additional uncertainty due to this 

limitation.  
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C3 Evaluation of Specified Model Predictions  

The following provides a comparison of Specified Calculations per ASTM 1355-05 with 

CFAST and FDS for the tests conducted for ICFMP Benchmark Exercise No. 4. The 

results of CFAST, a zone model, and FDS, a CFD code, are presented together to al-

low a comparison and discussion of the capabilities and limitations of the two types of 

models. The predictions using CFAST and FDS presented below were made and sent 

to GRS before the experimental data was released by them. GRS has certified the au-

thenticity of the Specified Calculations. The calculations therefore comply with the re-

quirements for Specified Calculations in ASTM-1355. CFAST Version 3.1.7 and FDS 

Version 3.1.5 were used for the computations.  

The following is a list of the major sub-models implemented in the two fire computer 

codes for modeling the physical phenomena in the scenarios:  

– Combustion chemistry (tracking concentrations of oxygen and combustion prod-

ucts);  

– Plume and ceiling jet flow;  

– Mass and energy balance;  

– Ventilation through doors;  

– Forced ventilation;  

– Heat transfer to boundaries;  

– Heat transfer to targets;  

– Thermal response of the target.  

The FDS code computes the flows from first principles based on fluid dynamic equa-

tions, whereas CFAST utilizes correlations developed from experimental data. The per-

formance of these sub-models is discussed below based on comparison of predicted 

results with experimental measurements. The theoretical formulation of the two models 

may be found in /JON 04/ for CFAST and /MCG 04/ for FDS. The theoretical formula-

tions of these codes are presented in these reports according to the format and content 

required by ASTM-1355, “Evaluating the Predictive Capability of Deterministic Fire 

Models” /AST 04/. These reports were sponsored by the U.S. Nuclear Regulatory 

Commission for referencing in its validation studies as that reported herein.  
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The FDS code simulated Tests 1 and 3 successfully. The CFAST code simulated Test 

1 to the end of the specified transient; however, instabilities were noted as discussed 

below. There were convergence issues in the CFAST simulation of Test 3. The simula-

tion halted at about 14 % to completion. CFAST is sensitive in cases with a high heat 

flux. The penetration of the thermal wave in the compartment floor and in less dense 

materials with low thermal conductivity poses numerical challenges for the CFAST 

code.  

The following presents the comparison of predictions by the CFAST and FDS code with 

experimental data for Test 1 and Test 3 of the series. The discussion is grouped in 

categories presented below to evaluate the predictive capability of the models accord-

ing to the general features and sub-models of the codes:  

– Global parameters;  

– Local gas temperature;  

– Heat flux to targets;  

– Target temperature;  

– Heat flux to walls;  

– Wall temperature.  

C3.1 Test 1  

Fig. C2 to Fig. C20 show the comparison of the trends of the predictions of CFAST and 

FDS with experimental data, and Table C4 shows the peak values predicted by the 

models and that measured and the uncertainty of the predictions. The uncertainty value 

tabulated is: (model prediction at peak- measured value at peak)/(measured value at 

peak - initial measured value).  

A ‘+’ sign in the uncertainty value means that the model prediction was greater than the 

measured value, and a - sign means that the model prediction was less than measured 

value.  
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C3.1.1 Global Compartment Parameters  

The HRR measured during the test and prescribed as input to the CFAST and FDS 

models are shown in Fig. C2. The HRR increases rapidly to 2500 kW in ~ 253 s, and 

then increases more gradually to 3500 kW before being extinguished at ~ 1368 s due 

to fuel depletion.  

Fig. C3 shows the development of the hot gas layer. Both CFAST and FDS predict the 

hot gas layer to develop and reach ~ 1 m above the floor in ~ 200 s. The initial devel-

opment of the HGL shown in Fig. C3 based on measured data seems erratic and may 

be due to discrepancies in the offset in the initiation of the transient. The measured 

data shows the HGL interface reaches ~ 1.5 m at ~ 600 s. Table C4 shows the steady 

state HGL interface height predicted by the codes and measured, and the uncertainties 

in the CFAST and FDS predictions. Both CFAST and FDS under-predict the steady 

state HGL interface height by – 19 %.  

Fig. C4 shows the hot gas layer (HGL) temperature. Both CFAST and FDS predictions 

follow the same rate of temperature increase as the experimental data with CFAST 

over predicting the increase by a larger amount. It should be noted that the discrepancy 

in the time at which the temperature begins to increase should be ignored since that is 

caused mainly by the offset between the predictions and measured data. Once reach-

ing the end of the rapid increase at ~ 360 s, the increase in temperature is greater in 

the experiment than that predicted by both CFAST and FDS. This discrepancy may be 

due to smaller heat loss in the experiments due to the presence of insulation that was 

ignored in the code calculations. Table C4 shows the peak values predicted by the 

models and that measured. The uncertainty in the predictions for CFAST and FDS are 

+ 20 % and – 17 %, respectively.  

Fig. C5 shows the O2-depletion predicted by CFAST and FDS. The O2 level at GA1-

O2, located at 3.8 m above the floor in the HGL (top of door is at 3.0 m), predicted by 

CFAST and FDS at the end of the transient is 8.9 % and 5.7 %, respectively. The 

measured O2 level at the end of the transient is 13.5 %. Since the measured O2 level 

does not decrease much after ~ 465 s, there is potentially an error in the measured O2 

level. Therefore, uncertainties of the predictions are not presented here.  
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C3.1.2 Local Gas Temperature  

The local gas temperatures in the plume, ceiling jet, and compartment are only pre-

dicted by FDS. FDS outputs are shown in Fig. C6 and Fig. C7. Fig. C6 shows an iso-

surface of the mixture fraction (at a value of 0.062) at 238 s which represents the flame 

sheet created by FDS at that point. Fig. C6 shows that FDS simulates the flame sheet 

to be significantly pushed toward the rear wall by the flow of ambient air into the com-

partment through the door. Fig. C7 shows a slice profile (at x = 1.8 m) of the gas tem-

perature in the compartment. Fig. C7 again shows that FDS simulates that the plume is 

pushed significantly toward the rear wall.  

Fig. C8 shows the comparison of measured plume temperatures at M2, M4, and M6 

with that predicted by FDS. As shown in Fig. C8, FDS predicts peaks in the plume 

temperature at ~ 50 s. These peaks are explained by the plume development predicted 

by FDS. Observations of the plume predicted by FDS through Smokeview (the graphi-

cal interface for FDS) indicates a steady vertical plume until ~ 50 s when the plume is 

pushed to the rear wall by flow into the compartment through the door. This causes 

peaks in the thermocouples, M2, M4, and M6 which are located directly above the fuel 

pan. The experimental measurements do not indicate this extensive movement of the 

fire plume. Figure C3-1 in the main text shows a photograph of the fire and plume at 

steady state conditions in Test 1. The figure shows some degree of plume tilt in the ex-

periment, but not to the extent predicted by FDS. The measured data shows the plume 

to be fully developed at ~ 105 s after which the plume temperatures increase to 

~ 1000 °C without any intermediate peaks. The experimental data shows oscillations in 

the plume temperature, especially near the fire at M2, indicating oscillation of the fire 

plume to and from the rear wall. FDS predicts the peaks of the plume temperatures to 

be ~ 800 °C. As shown in Table C4, the uncertainty in the predicted values are – 27 %, 

- 16 %, and – 25 % for M2, M4, and M6, respectively. 

Fig. C9 shows the local gas temperatures in the compartment at Level 1 for M7, M8, 

M9, and M10. The measured temperatures show a rapid increase in temperature fol-

lowed by a more gradual increase until the end of the transient. The temperature 

measured at M10 is much higher than that measured at M7, M8, and M9. This is due to 

the tilting of the fire plume toward M10. FDS also shows a rapid increase in tempera-

ture followed by large oscillations and unexpected trends. These oscillations may be 

caused by oscillations in the flow through the door predicted by FDS. The temperature 

predicted at M8 by FDS is highest since the code predicts the fire plume to be pushed 
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more toward the rear wall, as discussed above. The experimental data shows some 

oscillations in the temperature at M10 indicating the movement of the plume in and out 

of that region. Although the peak values predicted by FDS are similar to that measured 

for M7, M8, and M9, there is an uncertainty of – 43 % for M10 due to the discrepancy in 

the degree of plume tilt predicted. 

Fig. C10 shows the local gas temperature in the compartment at Level 2 for M11, M12, 

M13, and M14. The peak values predicted by FDS are similar to those ones measured 

with an error of - 13 % at M14. The effect of plume tilt is not evident at this level since 

the plume is maintained (see Figure 3-1 in the main text) mainly in the lower level. 

Fig. C11 shows the local gas temperature in the compartment at Level 3 for M15, M16, 

M17, and M18. The peak values predicted by FDS are similar to those ones measured 

with an error of – 5 % at M18. Again, the effect of plume tilt is not evident at this level 

since the plume is maintained in the lower level. 

C3.1.3 Heat Flux to Plate and Block Targets 

The comparison of heat flux prediction with measured data poses several challenges. It 

is important that equivalent measures of flux are used in the comparison. The flux 

gauges in the experiments were cooled and maintained at a constant temperature 

(10 °C). The CFAST and FDS codes normally output the net heat flux on targets based 

on the target temperature. These fluxes were modified to the incident radiative heat flux 

and the convective heat flux to a block at a constant temperature of 10 °C. Even with 

the modifications to account for the differences between measured and predicted val-

ues, an exact comparison is not possible due to the lack of ability to exactly measure 

the calculated values from models. 

Fig. C12 shows a comparison of the total heat flux predicted by CFAST and FDS with 

measurements at WS4 on the aerated concrete block. As noted earlier, instabilities are 

noted in the flux predicted by CFAST. The CFAST code is sensitive in cases with high 

heat flux. The penetration of the thermal wave in less dense materials poses numerical 

challenges for the CFAST code. Therefore, uncertainties associated with the aerated 

concrete block are not reported. The uncertainty of FDS for total heat flux at WS4 at 

~ 40 kW/m2 is + 48 %. 
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Fig. C13 shows a comparison of the total heat flux predicted by CFAST and FDS with 

measurements at WS3 on the concrete block. CFAST significantly over-predicts the 

heat flux with an uncertainty of + 146 %. The FDS prediction is similar to that measured 

with an uncertainty of + 14 %.  

Fig. C14 shows a comparison of the total heat flux predicted by CFAST and FDS with 

measurements at WS2 on the steel plate. CFAST again significantly over-predicts the 

heat flux with an uncertainty of + 215 %. The uncertainty in the FDS prediction is 

+ 59 %. 

It should be noted that FDS predicts an increase in the heat flux toward the end of the 

transient, possibly due to the heat flux from the boundaries to the targets. This increase 

in heat flux toward the end of the transient is not noted in the measurements. 

C3.1.4 Plate and Block Temperature 

Fig. C15 shows a comparison of the surface temperature of the aerated concrete block 

predicted by CFAST and FDS with measurement. Oscillations in the CFAST prediction 

is observed due to oscillations in the heat flux calculation (see Fig. C12) as discussed 

above. The uncertainty in the FDS prediction is + 19 %.  

Fig. C16 shows a comparison of the surface temperature of the concrete block pre-

dicted by CFAST and FDS with measurement. CFAST significantly over-predicts the 

temperature with an uncertainty of + 128 %. The FDS prediction is similar to that 

measured with an uncertainty in the peak value of + 28 %. 

Fig. C17 shows a comparison of the front surface temperature of the steel plate pre-

dicted by CFAST and FDS with measurement. CFAST significantly over-predicts the 

temperature with an uncertainty of + 111 %. The FDS prediction is similar to that meas-

ured with an uncertainty of + 7 %. 

Fig. C18 shows a comparison of the back surface temperature of the steel plate pre-

dicted by FDS with experiment. The FDS prediction is similar to that measured with an 

uncertainty of + 7 %. 
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C3.1.5 Heat Flux to Walls 

Fig. C19 shows a comparison of the heat flux on the wall predicted by FDS with ex-

periment. FDS under-predicts the heat flux by – 45 %. The experimental values of the 

heat flux at WS1 and WS3 which are in comparable locations are similar. Although the 

FDS prediction for heat flux at WS3 was similar to experiment, it under-predicts the flux 

at WS1. 

C3.1.6 Wall Temperature 

Fig. C20 shows a comparison of the wall surface temperatures predicted by FDS with 

experiment. FDS predictions are similar to experimental observations with an uncer-

tainty of – 26 % at M20. 

C3.1.7 Conclusion 

Several difficulties were encountered with the CFAST code, including instabilities in the 

computation of several parameters. Although the CFAST prediction of global parame-

ters (HGL temperature, interface height) was within 20 %, CFAST predicted unrealistic 

values for heat flux to the targets and walls, and the corresponding target and wall 

temperatures. 

FDS predictions were similar to experimental observations for most parameters. Global 

parameters such as the HGL temperature and interface height were within 20 % of ex-

perimental values. The local gas temperatures in the compartment and in the plume 

predicted by FDS were generally within 15 % and 25 % of experimental observations, 

respectively. The heat flux to the targets and blocks and corresponding temperatures 

predicted by FDS deviated by 59 % and 28 % from experimental observation, respec-

tively. 

C3.2 Test 3 

As discussed above, there were convergence issues in the CFAST simulation of Test 

3. The simulation halted at about 14 % to completion. CFAST is sensitive in cases with 

a high heat flux. The penetration of the thermal wave in the compartment floor and in 
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less dense materials poses numerical challenges for the CFAST code causing the 

simulation to halt before the end of the transient. Therefore, only the predictions of FDS 

are presented here. Figures C21 to C41 show the comparison of the trends of the pre-

dictions of CFAST and FDS with experimental data, and Table C5 shows the peak val-

ues predicted by the models and that measured and the uncertainty of the predictions. 

C3.2.1 Global Compartment Parameters 

The HRR measured during the test and prescribed as input to the FDS model is shown 

in Figure C20. The measured HRR increases rapidly to 1500 kW in ~ 50 s, and then in-

creases more gradually reaching 2700 kW at 850 s. The HRR increases rapidly from 

this point to 6000 kW at ~ 1050 s before being extinguished. Although the measured 

HRR was input to the FDS code, the FDS internal calculation of the HRR decreased af-

ter the initial rise at ~ 50 s. Although the HRR calculated by FDS started to increase at 

~ 200 s, it was less than the measured HRR up to the peak in HRR. This may due to 

the internal algorithm in FDS that inadvertently decreases the HRR for under-ventilated 

conditions. 

Fig. C22 shows the development of the hot gas layer. FDS predict the hot gas layer to 

develop and reach ~ 0.6 m above the floor in ~ 90 s. The measured data shows the 

HGL interface starts to level to ~ 1.6 m (bottom of vent) at ~ 95 s. FDS predicts a 

steady state level is reached more quickly after the initial drop in level compared to ex-

periment. Table C5 shows the steady state HGL interface height predicted by FDS and 

measured, and the uncertainty in the FDS prediction. FDS under-predicts the steady 

state HGL interface height by - 24 %. 

Fig. C23 shows the hot gas layer (HGL) temperature. FDS under-predicts the HGL 

temperature because of the discrepancy in the HRR (discussed above). Table C5 

shows the peak values predicted by the model and those measured. The uncertainty of 

the prediction for FDS is – 2 %. 

Fig. C24 compares the O2 depletion predicted by FDS with experiment. The FDS pre-

diction is similar to experimental observation until 840 s at which point FDS predicts a 

rapid reduction in O2 level to 0 %, while experimental observation indicates the O2 level 

reaches 0 % more gradually at ~ 1095 s. FDS prediction is less than the measured 

value by ~ 25 % for most of the transient. 
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C3.2.2 Local Gas Temperature 

Fig. C25 shows an isosurface of the mixture fraction (at a value of 0.062), which repre-

sents the flame sheet created by FDS, at 45 s. The flame is simulated as being vertical 

up to this time. Fig. C26 shows an isosurface of the mixture fraction (at a value of 

0.062) created by FDS at 130 s. Fig. C26 shows that FDS simulates the flame sheet to 

be significantly pushed toward the rear wall by the flow of ambient air into the com-

partment through the door at this time. Fig. C27 shows a slice profile (at x = 1.8 m, t = 

101.5 s) of the gas temperature in the compartment. Fig. C28 shows a slice profile (at x 

= 1.8 m, t = 102 s) of the gas temperature in the compartment. Fig. C27 again shows 

that FDS simulates that the plume is pushed significantly toward the rear wall. How-

ever, observations of this temperature slice file in Smokeview shows that FDS simu-

lates the flow through the door to pulsate with a period of ~ 2 s. Fig. C27 shows the 

flow through the door to be bidirectional, whereas Fig. C28 shows the end of the cycle 

of the pulsation when the flow is unidirectional through the door flowing out of the com-

partment. This pulsating behavior was noted during the experiments and mentioned in 

Chapter 3 of the main report. The pulsating flow through the door provides sufficient 

oxygen to the fire and prevents it from being under-ventilated. 

Fig. C29 shows the comparison of measured plume temperatures at M2, M4, and M6 

with that predicted by FDS. As shown in Fig. C29, FDS predicts peaks in the plume 

temperature at ~ 50 s in Test 3 as in Test 1. These peaks are explained by plume de-

velopment predicted by FDS. Observations of the plume predicted by FDS through 

Smokeview (the graphical interface for FDS) indicates a steady vertical plume develop 

until ~ 50 s (also see Fig. C25) when the plume is pushed to the rear wall by flow into 

the compartment through the door. This causes peaks in the thermocouples, M2, M4, 

and M6 which are located directly above the fuel pan. The experimental measurements 

do not indicate this extensive movement of the fire plume. The measured data shows 

the plume to be fully developed at ~180 s after which the plume temperatures increase 

to ~ 1000 °C without any intermediate peaks. The experimental data shows oscillations 

in the fire, especially near the fire at M2. FDS predicts the peaks of the plume tempera-

tures to be ~ 800 °C. As shown in Table C5, the uncertainty in the predicted values are 

– 26 %, - 17 %, and – 27 % for M2, M4, and M6, respectively. 

Fig. C30 shows the local gas temperatures in the compartment at Level 1 for M7, M8, 

M9, and M10. The measured temperatures show a rapid increase in temperature fol-

lowed by a more gradual increase until the end of the transient. The temperature meas-
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ured at M10 and M8 is higher than that measured at M7 and M9. This is due to the tilt-

ing of the fire plume toward the back wall. The plume temperature at M10 is higher 

than at M8 indicating that the tilt is more toward M10, but not as far as M8. FDS also 

shows a rapid increase in temperature followed by oscillations and a gradual increase 

in plume temperature. These oscillations are caused by oscillations in the flow through 

the door predicted by FDS, as discussed above. The experimental data shows some 

oscillations in the temperature at M10 indicating the movement of the plume in and out 

of that region. There are notable peaks in the measured data for M7 and M9 at ~ 1230 

s due to the more rapid increase in HRR starting at ~ 800 s and peaking at ~ 1100 s. 

The uncertainty in the local gas temperatures predicted by FDS at M10 is – 33 %. 

Fig. C31 shows the local gas temperature in the compartment at Level 2 for M11, M12, 

M13, and M14. There are notable peaks in the measured data for M11 and M13 at 

~ 1305 s due to the more rapid increase in HRR starting at ~ 800 s and peaking at 

~ 1100 s. The peak values predicted by FDS are similar to that measured with an error 

of – 24 % at M14. 

Fig. C32 shows the local gas temperature in the compartment at Level 3 for M15, M16, 

M17 and M18. There are notable peaks in the measured data for M15, M16, M17, and 

M18 at ~ 1305 s due to the more rapid increase in HRR starting at ~ 800 s and peaking 

at ~ 1100 s. The peak values predicted by FDS are similar to that measured with an er-

ror of – 27 % at M18. 

C3.2.3 Heat Flux to Plate and Block Targets 

The comparison of heat flux prediction with measured data poses several challenges. It 

is important that equivalent measures of flux are used in the comparison. The flux 

gauges in the experiments were cooled and maintained at a constant temperature 

(10 °C). The CFAST and FDS codes normally output the net heat flux on targets based 

on the target temperature. These fluxes were modified to the incident radiative heat flux 

and the convective heat flux to a block at a constant temperature of 10 °C. Even with 

the modifications to account for the differences between measured and predicted val-

ues, an exact comparison is not possible due to the lack of ability to exactly measure 

the calculated values from models. 
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Fig. C33 shows a comparison of the total heat flux predicted by FDS with measurement 

at WS4 on the aerated concrete block. There is a large increase in heat flux at ~ 1155 

s when the HRR reaches its peak at 6000 kW. The uncertainty of the FDS prediction at 

WS4 at ~ 71 kW/m2 is – 53 %. 

Fig. C34 shows a comparison of the total heat flux predicted by FDS with measurement 

at WS3 on the concrete block. The uncertainty in the FDS prediction at 66 kW/m2 is -

 40 %. 

Fig. C35 shows a comparison of the total heat flux predicted by FDS with measurement 

at WS2 on the steel plate. The uncertainty in the FDS prediction at 46 kW/m2 is - 23 %. 

C3.2.4 Plate and Block Temperature 

Fig. C36 shows a comparison of the surface temperature of the aerated concrete block 

predicted by FDS with measurement. The uncertainty in the FDS prediction is + 2 %.  

Fig. C37 shows a comparison of the surface temperature of the concrete block pre-

dicted by FDS with measurement. The uncertainty in the FDS prediction is - 33 %. 

Fig. C38 shows a comparison of the front surface temperature of the steel plate pre-

dicted by FDS with measurement. The uncertainty in the FDS prediction is - 33 %. 

Fig. C39 shows a comparison of the back surface temperature of the steel plate pre-

dicted by FDS with experiment. The uncertainty in the FDS prediction is - 34 %. 

C3.2.5 Heat Flux to Walls 

Fig. C40 shows a comparison of the heat flux on the wall predicted by FDS with ex-

periment. FDS under-predicts the heat flux by – 8 %. 

C3.2.6 Wall Temperature 

Fig. C41 shows a comparison of the wall surface temperatures predicted by FDS with 

experiment. FDS predictions are similar to experimental observations with an uncer-

tainty of – 34 % at M20. 
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C3.2.7 Conclusion 

There were convergence issues in the CFAST simulation of Test 3. The simulation 

halted at about 14 % to completion. CFAST is sensitive in cases with a high heat flux. 

The penetration of the thermal wave in the compartment floor and in less dense mate-

rials poses numerical challenges for the CFAST code causing the simulation to halt be-

fore the end of the transient. 

FDS predictions were similar to experimental observations for most parameters. Global 

parameters such as the HGL temperature, interface height, and O2 concentration were 

within 32 % of experimental values. The local gas temperatures in the compartment 

and in the plume predicted by FDS were within 33 % and 27 % of experimental obser-

vations, respectively. The heat flux to the targets and blocks and corresponding tem-

peratures predicted by FDS deviated by 53 % and 33 % from experimental observa-

tion, respectively. The HRR used by FDS was less than input for the simulation due to 

algorithms in FDS to account for under-ventilated conditions. If these algorithms are 

corrected to maintain the prescribed HRR, the FDS predictions should be even closer 

to experimental measurements. 
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C4 General Recommendations and Conclusions  

The following provides the findings and conclusions of this validation study. The fire 

scenarios in Benchmark Exercise No. 4 are considered to be the most complex and 

severe that analysts would model for NPP applications. The scenarios apply to either a 

very large fire size to compartment volume ratio, or applications involving the calcula-

tion of heat fluxes and target response near the fire. 

C4.1 Capabilities 

FDS  

The FDS code demonstrated capability to simulate severe fire scenarios such as in 

Benchmark Exercise No. 4. Temperatures in these scenarios reached 1000 °C, and 

heat fluxes up to 100 kW/m2 were observed. These ranges represent the most extreme 

thermal environments one might expect in NPP applications. The accuracy of the 

model for computing local gas temperature is best. Most phenomena are predicted 

reasonable well for the scenarios in the Benchmark Exercise. 

C4.2 Limitations 

C4.2.1 General Modeling of Scenario with CFAST 

For Test 1, several difficulties were encountered with the CFAST code including insta-

bilities in the computation of several parameters. Although the CFAST prediction of 

global parameters (HGL temperature, interface height) was within 20 %, CFAST pre-

dicted unrealistic values for heat flux to the targets and walls, and the corresponding 

target and wall temperatures. 

Fig. C12 shows a comparison of the total heat flux predicted by CFAST with measure-

ments at WS4 on the aerated concrete block. Instabilities are noted in the flux pre-

dicted by CFAST. The CFAST code is sensitive in cases with high heat flux. Figure 

C12 shows a comparison of the total heat flux predicted by CFAST with measurements 

at WS3 on the concrete block. CFAST significantly over-predicts the heat flux with an 

uncertainty of + 146 %. Fig. C14 shows a comparison of the total heat flux predicted by 
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CFAST with measurements at WS2 on the steel plate. CFAST again significantly over-

predicts the heat flux with an uncertainty of + 215 %. 

Fig. C15 shows a comparison of the surface temperature of the aerated concrete block 

predicted by CFAST with measurement. Oscillations in the CFAST prediction is ob-

served due to oscillations in the heat flux calculation (see Fig. C12) as discussed 

above. Fig. C16 shows a comparison of the surface temperature of the concrete block 

predicted by CFAST and measurement. CFAST significantly over-predicts the tempera-

ture with an uncertainty of + 128 %. Figure C16 shows a comparison of the front sur-

face temperature of the steel plate predicted by CFAST with measurement. CFAST 

significantly over-predicts the temperature with an uncertainty of + 111 %. 

There were convergence issues in the CFAST simulation of Test 3. The simulation 

halted at about 14 % to completion. CFAST is sensitive in cases with a high heat flux. 

The penetration of the thermal wave in the compartment floor and in less dense mate-

rials with low thermal conductivity poses numerical challenges for the CFAST code 

causing the simulation to halt before the end of the transient. 

Although the CFAST model could be used to compute global parameters for scenarios 

like Test 1, its use is limited and not recommended for computing heat fluxes and tar-

get responses due to the limitations noted above. For tests more severe than Test 1, 

the two zone approximation and inherent weaknesses in the code limits its applica-

tions. The CFAST model is unsuitable for these scenarios with intense fire sources. 

C4.2.2 Heat Flux Models in CFAST and FDS 

The limitations of the heat flux models in CFAST were discussed above making the 

model unsuitable for simulating fire scenarios with intense fire sources. 

The following provides a summary of the accuracy of the heat flux predictions by FDS. 

For Test 1, Fig. C12 shows a comparison of the total heat flux predicted by FDS with 

measurements at WS4 on the aerated concrete block. The uncertainty of FDS for total 

heat flux at WS4 at ~ 40 kW/m2 is + 48 %. Fig. C13 shows a comparison of the total 

heat flux predicted by FDS with measurements at WS3 on the concrete block. The FDS 

prediction is similar to that measured with an uncertainty of + 14 %. Fig. C14 shows a 

comparison of the total heat flux predicted by FDS with measurements at WS2 on the 
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steel plate. The uncertainty in the FDS prediction is + 59 %. Fig. C19 shows a compari-

son of the heat flux on the wall predicted by FDS with experiment. FDS under-predicts 

the heat flux by – 45 %. The experimental values of the heat flux at WS1 and WS3 

which are in comparable locations are similar. Although the FDS prediction for heat flux 

at WS3 was similar to experiment, it under-predicts the flux at WS1. 

For Test 3, Fig. C33 shows a comparison of the total heat flux predicted by FDS with 

measurement at WS4 on the aerated concrete block. There is a large increase in heat 

flux at ~ 1155 s when the HRR reaches its peak at 6000 kW. The uncertainty of the 

FDS prediction at WS4 at ~ 71 kW/m2 is – 53 %. Fig. C34 shows a comparison of the 

total heat flux predicted by FDS with measurement at WS3 on the concrete block. The 

uncertainty in the FDS prediction at 66 kW/m2 is - 40 %. Fig. C35 shows a comparison 

of the total heat flux predicted by FDS with measurement at WS2 on the steel plate. 

The uncertainty in the FDS prediction at 46 kW/m2 is – 23 %. Fig. C40 shows a com-

parison of the heat flux on the wall predicted by FDS with experiment. FDS under-

predicts the heat flux by – 8 %. 

Generally, the error of the heat flux predictions by FDS is large, up to 59 %. There are 

specific weaknesses in the heat flux models in FDS which make it unreliable for pre-

dicting heat fluxes to NPP targets. 

C4.2.3 Plume Model in FDS 

For Test 1, Fig. C6 shows an isosurface of the mixture fraction (at a value of 0.062) at 

238 s which represents the flame sheet created by FDS at that point. Fig. C6 shows 

that FDS simulates the flame sheet to be significantly pushed toward the rear wall by 

the flow of ambient air into the compartment through the door. Fig. C7 shows a slice 

profile (at x = 1.8 m) of the gas temperature in the compartment. Fig. C7 again shows 

that FDS simulates that the plume is pushed significantly toward the rear wall. 

Fig. C8 shows the comparison of measured plume temperatures at M2, M4, and M6 

with that predicted by FDS. As shown in Fig. C8, FDS predicts peaks in the plume 

temperature at ~ 50 s. These peaks are explained by the plume development predicted 

by FDS. Observations of the plume predicted by FDS through Smokeview (the graphi-

cal interface for FDS) indicates a steady vertical plume until ~ 50 s when the plume is 

pushed to the rear wall by flow into the compartment through the door. This causes 
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peaks in the thermocouples, M2, M4, and M6 which are located directly above the fuel 

pan. The experimental measurements do not indicate this extensive movement of the 

fire plume. Fig. 3-2 of the Panel Report shows a photograph of the fire and plume at 

steady state conditions in Test 1. The figure shows some degree of plume tilt in the ex-

periment, but not to the extent predicted by FDS. The measured data shows the plume 

to be fully developed at ~105 s after which the plume temperatures increase to 

~ 1000 °C without any intermediate peaks. The experimental data shows oscillations in 

the plume temperature, especially near the fire at M2, indicating oscillation of the fire 

plume to and from the rear wall. FDS predicts the peaks of the plume temperatures to 

be ~ 800 °C. As shown in Table C4, the uncertainty in the predicted values are – 27 %, 

- 16 %, and – 25 % for M2, M4, and M6, respectively. 

Fig. C9 shows the local gas temperatures in the compartment at Level 1 for M7, M8, 

M9, and M10. The measured temperatures show a rapid increase in temperature fol-

lowed by a more gradual increase until the end of the transient. The temperature 

measured at M10 is much higher than that measured at M7, M8, and M9. This is due to 

the tilting of the fire plume toward M10. FDS also shows a rapid increase in tempera-

ture followed by large oscillations and unexpected trends. These oscillations may be 

caused by oscillations in the flow through the door predicted by FDS. The temperature 

predicted at M8 by FDS is highest since the code predicts the fire plume to be pushed 

more toward the rear wall, as discussed above. The experimental data shows some 

oscillations in the temperature at M10 indicating the movement of the plume in and out 

of that region. Although the peak values predicted by FDS are similar to that measured 

for M7, M8, and M9, there is an uncertainty of -43 % for M10 due to the discrepancy in 

the degree of plume tilt predicted. 

Similar observations were made for the results of Test 3 and are discussed in section 

3.2.2 in Chapter C3. FDS computations of the plume predict a larger tilt due to flow 

conditions, whereas, the plumes in the experiments are observed to be stiffer and in-

fluenced less by flow conditions. This limits the reliability and accuracy of using FDS to 

evaluate targets near the plume. 

C4.2.4 Target Models in CFAST and FDS 

A detailed heat transfer model for the barrel used in the experiments will be fairly com-

plex. The CFAST and FDS fire models are not capable of modeling complex configura-
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tions such as the barrel for storing radioactive waste. The cylindrical geometry and 

multi-material composition poses challenges for modeling. Similar limitations of CFAST 

and FDS for modeling cable targets were noted in ICFMP Benchmark Exercise No. 1 

/DEY 92/. 

The limitations and large uncertainties for predicting the temperature of the material 

probes with CFAST was discussed above. Although the predictions of heat fluxes by 

FDS have large uncertainties (up to 59 %), the temperature predictions for the material 

probes for Test 1 are fortuitously better, but larger for Test 3 (-33 %). The large uncer-

tainties in the prediction of heat flux to the targets limit the reliability of using FDS or 

CFAST for predicting target temperatures. Lack of ability to model targets other than 

rectangular slabs, e.g. radioactive waste barrels, limit the usefulness of the codes for 

NPP target analysis. 

C4.2.5 Extinction Models in FDS and CFAST 

The flow of ambient air through the door in Test 1 provided the fire with full ventilation 

throughout the transient. The CFAST code was not even capable of modeling Test 3, 

therefore, it’s the limitation of the code for predicting the under-ventilation of the fire in 

Test 3 is not discussed. 

Fig. C27 shows a slice profile (at x = 1.8 m, t = 101.5 s) of the gas temperature in the 

compartment. Fig. C28 shows a slice profile (at x = 1.8 m, t = 102 s) of the gas tem-

perature in the compartment. Observations of this temperature slice file in Smokeview 

shows that FDS simulates the flow through the door to pulsate with a period of ~2 s. 

Fig. C27 shows the flow through the door to be bidirectional, whereas Fig. C28 shows 

the end of the cycle of the pulsation when the flow is unidirectional through the door 

flowing out of the compartment. This pulsating behavior was noted during the experi-

ments and is mentioned in the main report on Benchmark Exercise No. 4. The pulsat-

ing flow through the door provides sufficient oxygen to the fire and prevents it from be-

ing under-ventilated. Although fluid dynamics of the scenario is simulated well by FDS, 

the simple extinction model in FDS (LOL) decreases the heat output from the fire when 

combustion is fully sustained. The discrepancy in the HRR from FDS and measured is 

shown in Fig. C21. The algorithm in FDS for accounting for the under-ventilation of the 

fire is too simplistic for complex scenarios as in this Benchmark Exercise. 
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C4.2.6 Modeling of Multi-Layer Boundaries with CFAST and FDS 

The CFAST and FDS codes do not have the capability to model multi-layer boundaries, 

therefore, a single-layer assumption had to be adopted to model the aerated concrete 

around the fuel pan and the concrete floor below. The layer of insulation covering the 

walls and ceiling was neglected in the calculations since it could not be directly mod-

eled in CFAST or FDS. Further, the multi-layer composition of the target barrel could 

not be modeled, although the modeling of the cylindrical geometry is a more fundamen-

tal limitation. The use of these codes for complex target geometries and composition is 

very limited. 

C4.3 User Interface 

FDS 

The FDS manuals (Technical Reference Guide and User’s Guide), in conjunction with 

the Smokeview graphical interface for reviewing results of the computations, provide a 

useful interface for the user. The quality of this interface has positively impacted the 

capability to analyze and interpret the predicted results. 

CFAST 

Although the Technical Reference Guide for CFAST is detailed, its relationship to the 

User’s Guide, and a useful and comprehensive User’s Guide is lacking. Additionally, 

the graphical user interface (GUI) for CFAST is outdated and does not function in more 

recent operating platforms such as Windows XP. It would be beneficial to have a com-

prehensive User’s Guide and enhanced GUI to allow more accurate input of data for 

the simulations and understanding of output parameters such as their units. The GUI 

and User’s Guide for CFAST has now been updated (see /JON 05/) based on the 

comments derived from this study. 

The users of these codes should be knowledgeable of the complexities of the com-

partment conditions, such as plume movement, to assess and utilize the results of their 

calculations. 
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C4.4 Benefits of Hand Calculations 

In order to evaluate the benefits of hand calculations, Specified Calculations with FDTs 

/NRC 04/ were conducted and submitted to GRS. GRS has certified the authenticity of 

these Specified Calculations. The results of the calculations are compared with ex-

perimental data for Test 1 and shown in Table C6 below. The comparisons show that 

hand calculations could provide a method to quickly calculate global parameters (HGL 

temperature and interface height), as well as plume temperatures using simple correla-

tions. Some large deviations for heat fluxes (-66 %) and plume temperature at M6 (-66 

%) are noted. The heat flux correlations used may not have had a large fire, such as 

the one in Test 1, included in the development of the correlation. Also, the plume corre-

lation is for erect plumes and not when the fire plume is tilted, as is evident from the 

uncertainty at M6. Since the range of validity of the correlations is narrow, the results 

are best suited for a screening calculation where a rough estimate is required, while 

acknowledging the answers may contain large inaccuracies. 

C4.5 Need for Model Improvements 

CFAST  

The CFAST model requires major fundamental improvements if it is to be used for fire 

scenarios with intense fire sources such as those examined in this Benchmark Exer-

cise. The computation of thermal propagation through materials with low density and 

conductivity should be reviewed to determine if this limitation can be solved and elimi-

nated. Further, an examination should be conducted to determine whether the compu-

tational limitation for simulating Test 3 is inherent in the code, or whether it can be ad-

dressed with improvements to the numerics in the code.  

FDS  

Although relatively good general performance is noted above, the heat flux models (for 

radiation and convection) in FDS require improvement before they can be reliably used 

for NPP applications. The target model also requires improvement to analyze NPP tar-

gets. The code should also be improved to accurately simulate plume behavior and tilt-

ing due to varying flow conditions in the compartment. For Test 3, the HRR used by 

FDS was less than input for the simulation due to algorithms in FDS to account for un-
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der-ventilated conditions. These algorithms should be corrected to maintain the HRRs 

prescribed by the user to improve the performance and accuracy of the model. The ba-

sic extinction phenomena require a more fundamental treatment in FDS to be able to 

predict under-ventilated conditions. Finally, the ability to simulate multi-layer bounda-

ries and targets needs to be implemented in FDS for NPP applications. 

The prediction of burning rate is an important area of research that is being conducted 

at NIST. This research was investigated by NIST through exercising FDS for specified 

calculations for this Benchmark Exercise (see Appendix A). The investigation con-

cluded that the prediction of burning rate was challenging. The analyst was required to 

supplement the given fuel properties with values from the literature which results in 

large uncertainties in the simulation. Given the uncertainties, the results should only be 

used to assess the qualitative behavior of the phenomena. More research and valida-

tion work is needed before the model can be used to reliably predict burning rate of liq-

uid fuels, especially in under-ventilated compartments. Validation work should focus on 

the fire and the fuel bed. FDS requires improvements in the near field. In addition to the 

measurement of burning rate, measurements are needed to measure the heat flux and 

temperature at the fuel surface, and the thermal and chemical environment of the fire 

itself. Boundary and geometrical effects should be minimized by using solid homoge-

nous slabs or liquid pools. 

C4.6 Need for Advanced Models 

As discussed above, zone models are limited for simulating the severe thermal envi-

ronments in the test scenarios of this Benchmark Exercise. CFD codes, such as FDS, 

inherently include more physics of the phenomena in the compartment that allow them 

to be less limited and more accurate in simulating parameters of interest for NPP appli-

cations of such scenarios.  

The computational requirements for CFD codes should be noted. The tests in this 

Benchmark Exercise required 70 to 160 hours to compute with FDS, whereas, zone 

models can be executed in less than 10 s. 
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C4.7 Need for Additional Test Programs 

The two test scenarios for Benchmark Exercise No. 4 provide a useful and complete 

data set for assessing the capabilities of fire models for extreme compartment fire con-

ditions for NPP applications. Other tests were conducted in the series which could also 

be used for further evaluations. It may be useful to use data from these other tests to 

evaluate performance of the codes for predicting CO and CO2 concentrations as these 

data were not available for Tests 1 and 3. 

These tests provide fire scenarios with intense fire sources in a compartment. It will be 

beneficial to conduct tests that provide a range of fire intensities so that one can de-

termine the limits of zone models over which their theoretical formulations remain valid. 
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Table C4 Summary of Predictions with CFAST and FDS for Test 1 Specified Predictions  

 
Model prediction at peak 

C
 - 35

Uncertainty Parameter Sensor 

CFAST FDS 

Measured va-
lue at peak 

Initial meas-
ured value CFAST FDS 

Global Parameters 

HGL Interface Ht  0.7 m 0.7 m 1.5 m 5.7 m - 19 % - 19 % 

HGL Temperature (Average)  857 °C 600 °C 719 °C 19 °C + 20 % -1 7 % 

O2 Concentration GA1 O2     NA NA 

Smoke Concentration      NA NA 

CO Concentration      NA NA 

Pressure      NA NA 

Flame Height      NA NA 

Local Gas Temperatures 

M 2  768 °C 1036 °C 19 °C  - 27 % 

M 4  824 °C 971 °C 19°C  - 16 & 

Plume Temperature 

M 6  786 °C 1040 °C 19 °C  - 25 % 

M 10  464 °C 800 °C 19 °C  - 43 % 

M 14  660 °C 753 °C 19 °C  - 13 % 

Hot Gas Temperature 
(Point Values) 

M 18  684 °C 722 °C 19 °C  -  5 % 

Ceiling Jet Temperature M 18  684 °C 722 °C 19 °C  -  5 % 
 

 



Target Heat Flux and Temperature 

Radiative Heat Flux to Cables      NA NA 

Total Heat Flux to Cables      NA NA 

Cable Surface Temperature      NA NA 

WS 2 85 kW/m2 43 kW/m2 27 kW/m2 0 + 215 % 

C
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+ 59 % 

WS 3 86 kW/m2 40 kW/m2 35 kW/m2 0 + 146 % + 14 % 

Total Heat Flux to 
Plates/Blocks 

WS 4 NA 40 kW/m2 27 kW/m2 0 NA + 48 % 

M 29 NA 595 °C 504 °C 19 °C NA + 19 % 

M 33 715 °C 409 °C 325 °C 19 °C + 128 % + 28 % 

Plates/ Blocks Surface  
Temperature 

M 34 770 °C 400 °C 375 °C 19 °C + 111 % +  7 % 

Wall Flux and Temperature 

Total Heat Flux to Walls WS 1  16.6 kW/m2 30 kW/m2 0 NA - 45 % 

Wall Surface Temperature M 20  735 °C 589 °C 19 °C  - 26 % 

Notes: 
+ Model prediction was greater than measured value 
- Model prediction was less than measured value 

Value tabulated is: (model prediction at peak- measured value at peak)/(measured value at peak - initial measured value) 
 

 

 

 



Table C5 Summary of Predictions with CFAST and FDS for Test 3 Specified Predictions  

 
Model prediction at peak 
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Uncertainty Parameter Sensor 

CFAST FDS 

Measured va-
lue at peak 

Initial meas-
ured value CFAST FDS 

Global Parameters 

HGL Interface Ht   0.6 m 1.6 m 5.7 m  - 24 % 

HGL Temperature (Average)   662 °C 961 °C 19 °C  - 32 % 

O2 Concentration GA1 O2      - 25 % 

Smoke Concentration       NA 

CO Concentration       NA 

Pressure       NA 

Flame Height       NA 

Local Gas Temperature 

M 2  774 °C 1036 °C 19 °C  - 26 % 

M 4  811 °C 971 °C 19 °C  - 17 % 

Plume Temperature 

M 6  774 °C 1041 °C 19 °C  - 27 % 

M 10  628 °C 921 °C 19 °C  - 33 % 

M 14  692 °C 906 °C 19 °C  - 24 % 

Hot Gas Temperature 
(Point Values) 

M 18  707 °C 966 °C 19 °C  - 27 % 

Ceiling Jet Temperature M 18  715 °C 966 °C 19 °C  - 27 % 
 

 



 

Target Heat Flux and Temperature 

Cable Surface Temperature       NA 

Radiative Heat Flux to Cables       NA 

Total Heat Flux to Cables       NA 

WS 2  46 kW/m2 60 kW/m2 0  

C
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- 23 % 

WS 3  66 kW/m2 110 kW/m2 0  - 40 % 

Total Heat Flux to 
Plates/Blocks 

WS 4  71 kW/m2 150 kW/m2 0  - 53 % 

M 29  712 °C 698 °C 19 °C  +  2 % 

M 33  387 °C 565 °C 19 °C  - 33 % 

Plates/Blocks Surface  
Temperature 

M 34  313 °C 460 °C 19 °C  - 33 % 

Wall Heat Flux and Temperature 

Total Heat Flux to Walls WS 1  92 kW/m2 100 kW/m2 0  -  8 % 

Wall Surface Temperature M 20  575 °C 852 °C 19 °C  - 34 % 

Notes: 
+ Model prediction was greater than measured value 
-  Model prediction was less than measured valueValue tabulated is: (model prediction at peak- measured value at peak)/(measured  
   value at peak - initial measured value) 
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Table C6 Summary of Predictions with FDTs - Test 1 Specified Predictions  

 
Parameter Sensor Model prediction at 

peak 
Measured value 

at peak 
Initial measured 

value 
Uncertainty 

Global Parameters 

HGL Interface Ht  0 m @ 60 s 1.5 m 5.7 m -36 % 

HGL Temp. (Average)  719 °C @ 1200 s 719 °C 19 °C +0 % 

Local Gas Temperature 

M 2 out of range 1036 °C 19 °C NA 

M 4 869 971 °C 19 °C - 11 % 

Plume Temperature 

M 6 347 1040 °C 19 °C - 66 % 

Target Heat Flux 

 WS 3 11.7 kW/m2 solid 
flame w/o wind 

16.7 kW/m2 
point source 

35 kW/m2 0 - 66 % 

 
- 53 % 

 at barrel 45.8 kW/m2 

solid flame with wind, 
v=2.5 m/s, angle =48°

no measurement available. 

 

 



 

 

Fig. C2 Heat release rate - Test 1  

 

Fig. C3 HGL interface height - Test 1  

C - 40 



 

Fig. C4 HGL temperature - Test 1  

 

Fig. C5 Oxygen concentration  

C - 41 



 

Fig. C6 View of flame sheet output from FDS - Test 1  

 

Fig. C7 View of temperature slice (x = 1.8 m) - Test 1  
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Fig. C8 Plume temperature - Test 1  

 

Fig. C9 Level 1 temperatures - Test 1  
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Fig. C10 Level 2 temperatures - Test 1  

 

Fig. C11 Level 3 temperatures - Test 1  
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Fig. C12 Heat flux on aerated concrete block (WS4) - Test 1  

 

Fig. C13 Heat flux on concrete block (WS3) - Test 1  
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Fig. C14 Heat flux on steel plate (WS2) - Test 1  

 

Fig. C15 Aerated concrete block temperature - Test 1  
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Fig. C16 Concrete block temperature - Test 1  

 

Fig. C17 Steel plate front surface temperature (M34) - Test 1  
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Fig. C18 Steel plate back surface temperature (M35) - Test 1  

 

Fig. C19 Heat flux on wall (WS1) - Test 1  
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Fig. C20 Wall temperatures - Test 1  

 

Fig. C21 Heat release rate - Test 3  
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Fig. C22 HGL interface height - Test 3  

 

Fig. C23 HGL temperature - Test 3  
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Fig. C24 Oxygen concentration - Test 3  

 

Fig. C25 View of flame sheet output from FDS (45 s) - Test 3  
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Fig. C26 View of flame sheet output from FDS (130 s) - Test 3  

 

Fig. C27 View of temperature slice (x = 2.8 m, t = 101.5 s) - Test 3  
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Fig. C28 View of temperature slice ( x = 2.8 m, t = 102 s) - Test 3  

 

Fig. C29 Plume temperature - Test 3  

C - 53 



 

Fig. C30 Level 1 temperature - Test 3  

 

Fig. C31 Level 2 temperature - Test 3  
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Fig. C32 Level 3 temperature - Test 3  

 

Fig. C33 Heat fflux on aerated concrete block (WS4) - Test 3  
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Fig. C34 Heat flux on concrete block (WS3) - Test 3  

 

Fig. C35 Heat flux on steel plate (WS2) - Test 3  
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Fig. C36 Aerated concrete block temperature - Test 3  

 

Fig. C37 Concrete block temperature - Test 3  
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Fig. C38 Steel plate front surface temperature (M34) - Test 3 

 

Fig. C39 Steel plate back surface temperature (M35) - Test 3  
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Fig. C40 Heat flux on wall (WS1) - Test 3  

 

Fig. C41 Wall temperature - Test 3  
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D1 Introduction  

The purpose of this benchmark exercise is to perform an integral validation of the 

FATETM 2.0 Computer Code fire models for use in nuclear power plants, fuel cycle fa-

cilities, and DOE material handling facilities. Calculations presented below have been 

performed with FATE version 2.14. Additional details of the benchmark exercise are 

provided in Chapters 1 through 3 of the main report and the test specification report 

(GRS, 2003).  
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D2 Input Parameters and Assumptions  

D2.1 Room Geometry and Ventilation 

FATE input consists of a base model file and a case-specific input file. The base model 

describes the basic room geometry (heat sinks and radiation network for walls, floors, 

ceiling), ventilation flow paths, and cable targets. Specific fire power histories and flow 

path setup is then provided in case-specific input files. One case file is created for each 

test modeled. 

The Benchmark Exercise No. 4 (BE-4) base model is based on a standardized room 

model successfully developed during the Benchmark Exercise No. 2 (BE-2) effort 

(NISTIR-6986). The BE-2 effort demonstrated that the rectangular room geometry can 

be accurately modeled with a single region and 14 heat sinks to represent floor, ceiling, 

and walls, and a radiation network containing the heat sinks, fire source, and smoky 

layer. Modeling of specific targets requires additional heat sinks, as discussed subse-

quently. The BE-2 effort also provides an effective methodology for modeling forced 

ventilation, natural circulation through open doors, and intrinsic leakage through the 

use of a maximum of five flow paths. Ventilation in the FATE standardized room model 

is refined in the current effort. 

Table D2-1 summarizes the heat sinks used to define the region boundaries, while Ta-

ble D2-2 summarizes the flow paths. 

The wall heat sinks listed in Table D2-1 are modeled as “strips” that circumscribe the 

room perimeter and extend vertically between the indicated elevations. The heat sinks 

are then subdivided in the FATE heat transfer model into 20 slabs for 1-dimensional 

conduction through the heat sink. The four side walls are modeled as a series of 12 

stacked wall strips. The advantage to this approach is input and computational simplic-

ity, while the limitation is that a single surface temperature is reported for the North, 

East, South, and West walls at each elevation. 

As will be discussed, calculational results proved to be sensitive to modeling of intrinsic 

leakage. The leak centerline elevation, leak area, and leak orientation are all shown to 

influence the smoky layer elevation and oxygen content of the room. Table D2-2 shows 

five flow paths, however only three of the five are used in the based case calculations. 
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Junction 1 represents the open doorway, while the combined fan flow is modeled with a 

single junction, junction 2, and the leakage is modeled with a single junction, junction 4. 

In addition, in flows through the doorway are assumed to be equally distributed be-

tween the smoky and lower gas layers, and, for Test 3, air in the lower 1.6 m of the 

room is assumed to be available for entrainment and consumption in the fire. As will be 

discussed, both of these assumptions are supported by the test data.  

Finally, although the gross room volume is 3.6 x 3.6 x 5.7 = 74 m3, this volume is re-

duced due to the presence of the light concrete bricks stacked up to a height of 0.6 m. 

Furthermore, it is assumed that the volume beneath the 4 m2 fire pan does not freely 

mix with the remainder of the fire room. Thus, the net free volume used in the FATE 

model discounts the entire volume below the 0.56 m elevation and is calculated as 74 

m3 – 3.6 x 3.6 x 0.6 = 66 m3. 

Table D2-1 FATE BE-4 base model heat sink summary table  

Heat 
Sink 

# 

Label Type Bottom 
Elevation 

[m] 

Top  
Elevation 

[m] 

Material Thick-
ness 
[m] 

1 FLOOR Upward facing 
rectangle 0.000E+00 6.000E-01 

Aerated 
Concrete 

0.0254

2 WALL-1 Rectangular 
enclosure strip 0.000E+00 4.750E-01 

Light 
Concrete 

0.0254

3 WALL-2 Rectangular 
enclosure strip 4.750E-01 9.500E-01 

Light 
Concrete 

0.0254

4 WALL-3 Rectangular 
enclosure strip 9.500E-01 1.425E-00 

Light 
Concrete 

0.0254

5 WALL-4 Rectangular 
enclosure strip 1.425E-00 1.900E+00

Light 
Concrete 

0.0254

6 WALL-5 Rectangular 
enclosure strip 1.900E+00 2.375E+00

Light 
Concrete 

0.0254

7 WALL-6 Rectangular 
enclosure strip 2.375E+00 2.850E+00

Light 
Concrete 

0.0254

8 WALL-7 Rectangular 
enclosure strip 2.850E+00 3.325E+00

Light 
Concrete 

0.0254
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Heat Label Type Bottom Top  Material Thick-
Sink 

# 
Elevation 

[m] 
Elevation ness 

[m] [m] 

9 WALL-8 Rectangular 
enclosure strip 3.325E+00 3.800E+00

Light 
Concrete 

0.0254

10 WALL-9 Rectangular 
enclosure strip 3.800E+00 4.275E+00

Light 
Concrete 

0.0254

11 WALL-10 Rectangular 
enclosure strip 4.275E+00 4.750E+00

Light 
Concrete 

0.0254

12 WALL-11 Rectangular 
enclosure strip 4.750E+00 5.225E+00

Light 
Concrete 

0.0254

13 WALL-12 Rectangular 
enclosure strip 5.225E+00 5.700E+00

Light 
Concrete 

0.0254

14 CEILING Upward facing 
rectangle 5.700E+00 6.000E+00

Concrete 0.0254

Table D2-2 FATE BE-4 base model flow path summary  

Junction 
# 

Description Centerline  
Elevation [m] 

Area  [m2] 

1 DOOR, Test 1 

 

DOOR, Test 3 

 

2.1  

(height = 3.0 m)

2.1  

(height = 1.0 m)

Area = 2.1 m2; K = 0.54 

 

Area = 0.70 m2; K = 0.54 

 

2 FAN 1 5.49 0.176 m2 

3 
FAN 2 N/A 

Not used; FAN 1 is sized to 
deliver combined fan flow 

4 MISCELLANEOUS 
LEAKAGE 1.5 0.05 m2 

5 DOOR GAP LEAK N/A Not used 
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D2.2 Targets  

Two targets are included in the FATE model. Both targets are represented by one or 

more heat sinks and are included in the radiation heat transfer network.  

The first target is the concrete material probe with lower corner coordinates of x = 0.0 

m, y = 1.9 m, and z = 1.7 m. The probe is modeled with a single vertical rectangular 

heat sink, heat sink 16, with dimensions 0.3 m x 0.3 m x 0.1 m thick. This heat sink is 

divided into 20 nodes through the thickness to allow 1-dimensional conduction through 

the probe. In addition, the heat sink is included in the radiation heat transfer network, 

therefore the heat sink surface is subjected to convective and radiative boundary condi-

tions. The remaining probes are not included in the current model. 

The second target is the more complex barrel-type waste container. As shown in Fig-

ure D2-1, this target is divided azimuthally into four segments. The first three segments 

cover the cylinder half facing the fire, while the fourth segment is the entire back half 

side of the barrel facing away from the fire. Each segment height is equal to the height 

of the barrel. In addition, each of the four segments is represented as a composite heat 

sink consisting of three layers: an outer metal layer (5 radial nodes), a middle concrete 

layer (20 radial nodes), and an inner styrene granulate fill layer (20 radial nodes). The 

tinplate that makes up the inner barrel is defined as a contact resistance between the 

concrete and styrene. Radial conduction is allowed between the layers, while azimuthal 

conduction is modeled only in the outer most steel layer. The outer metal surfaces are 

also included in the radiation heat transfer network.  

In all, the targets are represented by 13 heat sinks – one for the probe and 12 for the 

barrel-type waste container – as summarized in Table D2-3, below. 
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Fig. D2-1 FATE BE-4 nodalization for the barrel-type waste container target  

Table D2-3 FATE BE-4 target heat sink summary table  

Heat 
Sink 

# 

Label Type Bottom 
Elevation  

[m] 

Top  
Elevation 

[m] 

Material Thick-
ness [m] 

15 PROBE 
Vertical  

rectangle 1.70E+00 2.00E+00 Concrete 0.100 

16 TARGET1 
Cylindrical 
segment 6.00E-01 1.56E+00 Steel 0.002 

17 CONC1 
Cylindrical 
segment 6.00E-01 1.56E+00 Concrete 0.125 

18 FILL1 
Cylindrical 
segment 6.00E-01 1.56E+00 Granulate 0.2575 

19 TARGET2 
Cylindrical 
segment 6.00E-01 1.56E+00 Steel 0.002 

20 CONC2 
Cylindrical 
segment 6.00E-01 1.56E+00 Concrete 0.125 

21 FILL2 Cylindrical 6.00E-01 1.56E+00 Granulate 0.2575 
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Heat Label Type Bottom Top  Material Thick-
Sink 

# 
Elevation  

[m] 
Elevation ness [m] 

[m] 

segment 

22 TARGET3 
Cylindrical 
segment 6.00E-01 1.56E+00 Steel 0.002 

23 CONC3 
Cylindrical 
segment 6.00E-01 1.56E+00 Concrete 0.125 

24 FILL3 
Cylindrical 
segment 6.00E-01 1.56E+00 Granulate 0.2575 

25 TARGET4 
Cylindrical 
segment 6.00E-01 1.56E+00 Steel 0.002 

26 CONC4 
Cylindrical 
segment 6.00E-01 1.56E+00 Concrete 0.125 

27 FILL4 
Cylindrical 
segment 6.00E-01 1.56E+00 Granulate 0.2575 

D2.3 Test Matrix and Fire Source  

The BE-4 test series consists of two separate tests, Test 1 and Test 3. The distinguish-

ing characteristics between these tests are the fuel burn rate and the doorway opening. 

Although raw and smoothed fuel burn rates were provided for each of the two tests, the 

burn rates were adjusted based on a 5-point moving average of the raw data and a 

delay based on the fuel ignition time. The fuel ignition time is taken as the time at which 

the heat sink temperatures begin to increase (160 sec for Test 1 and 15 sec for Test 3). 

Table D2-4 summarizes the differences between the two tests, while Figures D2-2 and 

D2-3 compare the burn rate table input to FATE against the raw burn rate data.  
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Table D2-4 Summary of Test 1 and Test 3 distinguishing input  

Parameter Test 1 Test 3 

Doorway area (m2) 2.1 0.7 

Doorway centerline el. (m) 2.1 2.1 

Doorway total height (m) 3.0 1.0 

Fire burn rate table based 

on 5-point averaging of 

burn rate data 

Time 
(s) 

Burn rate 
(kg/s) 

0 0.0000 

160 0.0000 

210 0.0380 

330 0.0570 

415 0.0700 

600 0.0720 

870 0.0780 

1368 0.0822 

1380 0.0630 

1450 0.0000 
 

Time 
(s) 

Burn rate 
(kg/s) 

0 0.0000 

15 0.0000 

30 0.0124 

100 0.0413 

829 0.0720 

1013 0.0980 

1090 0.2100 

1099 0.2040 

1350 0.0337 

1352 0.0000 
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Modeling of Fuel Burn Rate for BE-4 Test 1
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Fig. D2-2 FATE BE-4 Test 1 comparison of fuel burn rate data to FATE input  

Modeling of Fuel Burn Rate for BE4 Case 3
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Fig. D2-3 FATE BE-4 Test 3 comparison of fuel burn rate data to FATE input  
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FATE input also requires specification of the combustion products yield. The combus-

tion yields used for input are based on real yields for high molecular 

weight/temperature hydrocarbons for well ventilated flaming fires (Tewarson, Tab 1-

13.7): 

–  YCO2 = 2.64  

– YCO = 0.019  

– YCH = 0.007  

When considering the chemical balance, excess carbon is assumed to be released in 

the form of soot. Thus, the final chemical balance for kerosene combustion becomes,  

C11.64H25.29  + 16.260O2  9.898CO2 + 0.112CO + .088CH + 1.532C   

+ 12.601H2O  

The yields for soot and water are therefore,  

– YSOOT (carbon) = 0.111  

– YH2O= 1.375  
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D3 Comparison of Code Predictions with Experimental Re-
sults  

D3.1 FATETM 2.0 Computer Code Description  

The FATETM 2.0 Computer Code is used for this analysis. FATE, previously named 

HADCRT, is the successor code to the HADCRT computer program used in previous 

ICFMP activities. Specifically, FATE version 2.11 is used in the following calculations. 

FATE version 2.11 contains upgrades to address fire modeling issues. 

FATE stands for Facility Flow, Aerosol, Thermal, and Explosion Model, for PCs and 

workstations [Plys and Lee, 2004]. FATE 2.0 is used for design, off-normal, and acci-

dent analyses of nuclear and chemical facilities. FATE 2.0 is the successor to computer 

codes used extensively for design and safety analyses for U. S. Department of Energy 

projects at the Hanford site and elsewhere (HADCRT for Tank Farms, Waste Treat-

ment Plant, WESF, PFP; HANSF MCO and HANSF Sludge for Spent Nuclear Fuel and 

sludge, T Plant). 

General capabilities of FATE 2.0 include: 

• Fire model:  

Define burn rate and yields; Smoky layer model; Propagation of smoke in stratified 

layers throughout facility; Aerosol transport with smoky layers; Aerosol settling from 

smoky layer to lower layer and embedded surfaces. 

• Multiple-compartment thermodynamics and general species:  

Facility rooms have separate pressure, temperature, and composition; Compound 

property libraries are input; Tracking of condensed, gaseous, and aerosol species. 

• Facility nodalization and flow:   

Compartments are connected in arbitrary topology by flow paths; Flows are pres-

sure-driven, density-driven counter-current, and diffusional. 

• Aerosol behavior:   

Aerosol coagulation, sedimentation, transport with flow; Deposition on bends and 

filters; Deposition by condensation; Aerosol formation by boiling and fog. 
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• Heat transfer:  

Convection of liquids and gases to structures with internal temperature distribu-

tions; Linking for 2D and 3D heat transfer; Condensation. 

• Flammability and combustion of gases, vapors, and aerosols:  

Any input compound may participate; examples include solvent vapors, hydrogen, 

and U metal or hydride aerosols. 

• Entrainment of deposits to form aerosols:  

Powder, liquid, and sludge waste may be entrained by combustion or flow. 

• Thermal radiation networks:   

View factor models and automatic network balancing. 

• Event-oriented simulation:   

Intervention criteria and actions for scenario evolution. 

• Sources and time-dependent conditions:  

Prescribe liquid, gas, and aerosol source histories and environmental conditions 

with time. 

• Nuclear fuel and sludge models including chemical reactions. 

FATETM 2.0 is owned and licensed by Fauske and Associaters, LLC (FAI) and FATE is 

a registered trademark of FAI. FATE is created and maintained under the FAI Quality 

Assurance Program (10CFR50 App. B & ISO 9001 compliant). 

D3.2 FATETM 2.0 Fire Sub-models  

We narrow the vast topic of fire phenomenology to calculating the conditions brought 

on by liquid pool or solid combustible pilot fires in a multi-compartment facility. Fire 

analysis involves prediction of local temperatures, pressures and gas compositions for 

compartments connected by heat sinks such as walls and ceilings, and junctions such 

as doors and hatches. Combustion product plumes within a fire compartment necessi-

tate that the well-mixed region assumption gives way to the ideal of two distinct layers, 

one smoky and hot and the other relatively clean and cool. Smoky layer movement and 

flame height variations require radiation networks with time-dependent properties. 

Smoke movements also introduce inter-compartmental flow combinations of smoky 

and non-smoky gas flows; i.e. junctions can contain pure smoke flow, or clean flow or 

some combination of the two. 
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Fire modeling is added to the generic features of the code by incorporating four phe-

nomena in the FATE framework: 

– Pilot fires specification (burn rates, yields, heat release)  

– Plume Model  

– Stratified layer composition; i.e., a smoky layer  

– Advanced radiation heat transfer with automatic view factor calculation  

Figure D3-1 shows a pilot fire and plume in a process facility with a number of com-

partments that communicate via doors and ventilation ducts, and contain heat sinks 

such as ceilings, walls and internal equipment. This is the familiar construct of regions, 

heat sinks and junctions, with the addition of pilot fire and plume in one compartment 

(region). This figure typifies compartment fire modeling by showing an idealized hot 

smoky layer above a relatively cold, clean, lower layer. This assumption neglects the 

true nature of the interface, which at various stages of the fire can be ill-defined or non-

existent, and presumes that the smoky layer quickly propagates horizontally along the 

ceiling. In reality, the smoky plume initially strikes the ceiling and spreads outward until 

it reaches the confines of compartment walls, at which point the smoky layer proceeds 

downward. Nevertheless, the two-layer idealization is useful and accurate enough that 

a number of code and analytical techniques employ it for compartment analysis. Fire 

test data is often reduced to this ideal.  
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Fig. D3-1 FATETM 2.0 Fire Model Features  

Smoky layer growth then depends on the balance between the fire and plume source 

and the inter-compartmental flows of both the smoky and lower layers. The fuel burning 

rate, plume entrainment rate, and fuel properties, namely heat of combustion and 

product yields, determine the rate at which mass and energy enter the smoky layer. 

Between the base of the fire and the bottom of the smoky layer, plume entrainment 

mixes the lower layer gases with the combustion products, thereby increasing total 

mass flow to the smoky layer, but decreasing the incoming temperature. Inter-

compartmental flows, noticeably complicated by the presence of two layers, depend 

greatly on junction orientation and elevation. As an example, Figure D3-1 shows that 

the smoky layer must advance below the top of a door before it can proceed to the 

neighboring compartment. In one junction, inter-compartmental flow can now consist of 

pure lower layer flow, pure smoky layer flow or a combination of the two. The smoky 

layer can be thin if the compartment ceiling contains a hatch that allows smoke to es-

cape immediately to a region above, or if an operating ventilation duct is located near 

the ceiling to draw smoky layer gases from the region. Similarly, flow to the lower layer 

might stabilize the smoky layer or even cause it to recede. 
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Additional details of the FATE fire sub models are presented below. 

D3.2.1 Pilot Fire Specification 

Fire sources are user-defined and must include inputs for the following: 

– fuel mass and properties,  

– time-dependent burning mass flux,  

– fire diameter,  

– fire base elevation,  

– burn area,  

– efficiency, and  

– radiation fraction  

A fire is presumed to be the reaction of solid or liquid fuel with oxygen to produce car-

bon dioxide, carbon monoxide, soot, steam and some other carbon containing com-

pound. FATE makes no mechanistic assessments of ignition or burning rate. A fire 

burns at the user-input rate until all the fuel is consumed or the oxygen concentration 

falls below a user-defined limit. Up to five separate fires and ten different fuels are al-

lowed. A fire can be placed in any region, but a fire consists of one fuel by definition. 

Fuel properties are defined on input and need not necessarily correspond to the real 

properties of any liquid or solid. 

Fuel properties are as follows: molecular weight, theoretical heat of combustion, CO2 

yield, CO yield, CH yield, soot yield, steam yield, hydrocarbon name, and an optional 

heat of formation. Theoretical heat of combustion, QT, is the amount of heat released 

when all the fuel is oxidized completely. This rarely occurs, which is why the theoretical 

heat of combustion is multiplied by an efficiency, Cχ , to get a chemical heat of combus-

tion value, QH. Efficiency varies slightly from test to test, even for the same fuel, but is 

in the range between 90 and 95%. Theoretical heat of combustion can be determined if 

the heat of formation is known for the fuel; it is just the sum heat of formation of prod-

ucts (fuel, oxygen) minus the sum heat of formation of reactants (CO2, CO, CH, soot, 

steam). The code does this calculation internally if the fuel heat of formation is speci-

fied, and in the log file compares this result to the input heat of combustion.  
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Yields are given in terms of mass product per mass of fuel. If the fuel is completely 

oxidized, yields are computed by knowing the moles of product per moles fuel and the 

individual molecular weight of all reactants and products. This is done by writing the 

balanced chemical reaction with carbon dioxide and steam as the only product, calcu-

lating respective moles of product per moles of fuel, and then converting mole ratio to 

mass ratio. In reality, fuels are not fully oxidized and yields are found from experiment 

compilations. A heptane pool fire is a good example. The stoichiometric reaction is writ-

ten: 

  7 16 2 2 2C H  + 11O   7CO  + 8H O→

For carbon dioxide, the yield in terms of mole ratio is 7 to 1, which in terms of mass 

ratio is 7 x 44/100 (heptane molecular weight is 100), or 3.08. The calculation for steam 

gives a mole ration of 8 to 1 and mass ration of 1.44. Experimental data show that car-

bon dioxide yield is actually 2.86 g/g, carbon monoxide yield is 0.01 g/g, CH yield is 

0.004 g/g, soot yield is 0.037 g/g, and steam yield is 1.36 g/g. Empirical yields of car-

bon dioxide and water are always somewhat less than stoichiometric yields. 

Radiation fraction is specified as a function of time as well. Chemical heat of reaction is 

comprised of convective and radiation components. Convective power enters the fire 

plume, while the balance radiates to the compartment walls and the smoky layer. The 

radiation component is expressed in terms of a heat of combustion (kJ/kg), which is 

typical in the literature, or as a fraction of the chemical heat of reaction, which is the 

input for the code. The radiation component of chemical heat of combustion is usually 

between 15 and 35%. 

For an open fire, FATE evaluates a fire source in the following manner: 

 

 b b fW (t) = G (t)  A×  

where Wb is the time-dependent burning rate (kg/s), Gb is the input, time-dependent 

burning mass flux (kg/m2/s) and Af is the input fire area, which is constant. Here an 

open fire means that fuel and oxygen are abundant, and that the smoky layer is well 

above the flame height. The fire source calculations proceeds initially as if the flame 

were open and then checks for limitations in oxygen. In the general case, burning rate 

is altered if the smoky layer descends below the top of the flame or envelops the fire 

entirely. Flame height must be computed to know the location of the smoky layer with 
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respect to the base of the fire and the top of the flame. If the source oxygen concentra-

tion falls below a user-supplied value, burning rate and heat release rate are set to 

zero. 

FATE uses the Heskestad model to calculate flame height, which is needed to deter-

mine burning rate and view factors from the flame to compartment heat sinks. Flame 

heights are correlated by the following dimensionless number: 

 

 *
2

p

QQ  = 
 c  T  D gD∞ ∞ρ

 

where Q is the fire power, ρ∞, is the ambient air density (~ 1.1 kg/m3), cp is the con-

stant volume specific heat (~ 1000 J/kg/K), T∞ is the ambient temperature (~ 300 K), g 

is the acceleration of gravity and D is the flame diameter, which is an input; an effective 

flame diameter suffices if the fire is not circular. Heskestad’s correlation, which is appli-

cable to a large range of liquid pool and solid fires, gives flame height H as follows: 

  

 ( )2 /5*fH  = 3.7 Q  - 1.02
D

 

 

To calculate the concentration of the oxygen source, the code determines where the 

smoky layer level is with respect to the fire base elevation (Hb, an input) and the eleva-

tion at the top of the flame, which is computed from the fire base elevation plus the 

flame height. A smoky layer cover fraction Fs, that varies between 0.0 and 1.0 is calcu-

lated as follows:  

– If the smoky layer height is less than the fire base elevation, Fs = 1.0  

– If the smoky layer height is above the top of the flame, Fs = 0.0, and  

– Between these extremes, Fs varies linearly: Fs = [Hf + Hb - S]/Hf.  

Source oxygen concentration is then: 

  O2 s O2,s s O2,Lx  = F   x  + (1 - F )  x× ×
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where x is concentration and subscripts s and L stand for the smoky and lower layers, 

respectively. Source oxygen concentration is a weighted-average based on the smoky 

layer cover fraction; e.g., if the smoky layer extends halfway down the flame, the 

source oxygen concentration is a simple average of the smoky and lower layer oxygen 

concentrations.  

D3.2.2 Plume Model 

In a compartment fire the plume entrains cool air from the lower layer, heats it in the 

fire and transports it to the smoky layer. Define the plume as the region in the lower 

layer between the elevation of the fire and the smoky layer, encompassing both the 

burning region and the buoyant plume above the flames. Plume height varies over the 

course of a compartment fire scenario. Early on, plume height is relatively large as the 

smoky layer is just starting to evolve, but plume height diminishes as the smoky layer 

advances. While smoky layer thickness depends on the specifics of the fire scenario, 

this general trend is important to note because entrainment rate is strongly dependent 

on the plume height. The amount of air entrained into the plume from the lower layer 

influences the temperature and concentration of combustion products in the smoky 

layer, and junction flow into or out of both the smoky and lower layers. In principle, en-

trainment also determines burning rates by supplying air to the fire, but this point is 

given no regard because burning rate is a user input.  

Entrainment into the plume has been repeatedly described by the non-dimensional 

expression: 

 

 
( )

e

2 ad
C R

W z = F
DTρ  D g D  - 

T∞
∞

⎛ ⎞
⎜ ⎟Δ ⎝ ⎠χ χ

 

which states the dimensionless entrainment rate is a function of the plume height 

above the base of the fire, z, and D, is the fire diameter for a liquid pool. Dimensionless 

entrainment rate is defined by We, the total entrainment rate in kg/s, ∞ρ  is the ambient 

(lower layer) gas density,  is the adiabatic flame temperature, T  is the ambient 

(lower layer) temperature, 

adTΔ ∞

Cχ is the combustion efficiency (~ 0.9), and Rχ is the fire 
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radiation fraction (~ 0.3). The denominator of the left-hand side is understood to be a 

mass flow rate by noting that that the term 

 ( )ad
C R

T g D  - 
T∞

Δ χ χ  

is a characteristic entrainment velocity that increases with increasing size and strength 

as expressed by the adiabatic flame temperature, but decreases as the fractional 

amount of power radiated away increases. 

A complete theoretical understanding of entrainment by fire plumes is not available, but 

several experimental studies have provided air entrainment rate measurements in the 

burning region of fire plumes These studies identify three distinct regimes for entrain-

ment, depending on the ratio of plume height, z to fire pool diameter, D. For FATE, 

based on an aggregation of the experimental data, we have defined a single correlation 

spanning all three. The FATE correlation, which is compared to test data in Figure  

D3-2, has the following functional form: 

 
1/ 46 10

4z z zF 0.1 2.85 x 10 ; for z / D 0.8
D D D

−
⎡ ⎤⎛ ⎞ ⎛ ⎞ ⎛ ⎞= +⎢ ⎥⎜ ⎟ ⎜ ⎟ ⎜ ⎟

⎝ ⎠ ⎝ ⎠ ⎝ ⎠⎢ ⎥⎣ ⎦
>     

Figure D3-2 includes measurements at vertical distances as much as five times the 

average flame heights, which makes it valid for calculating entrainment rates below and 

above the flame tops. For vertical distances in the range 0.1 < z/D < 0.8: 

 
zF 0.072 ; 0.1 z / D 0.8
D

⎛ ⎞ = ≤⎜ ⎟
⎝ ⎠

≤        
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Fig. D3-2 FATE Correlation of experimental data for plume entrainment 

D3.2.3 Smoky Layer 

To model smoke phenomena, FATE regions are divided into two well-mixed sub-

regions, with a hot, smoky layer atop a relatively clean, cool layer referred to here as 

the lower layer. In terms of the FATE framework, each layer has a unique temperature, 

pressure, thermal properties, gas composition and aerosol loading. As shown in Figure 

D3-1, this common idealization simplifies real temperature data to create a distinct, 

uniform interface, when in reality the temperature data show a transition interval, and 

instantaneous, local smoky layer thickness is uneven and random. Computer codes or 

analyses that use this ideal to make quick, straightforward calculations are referred to 

as zone models. The focus of modeling compartment fires then is to predict smoky 

layer thickness (interface location) and average temperature, knowing heat release rate 

and boundary conditions for heat transfer and inter-compartmental flows. 
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D3.2.4 Radiation Heat Transfer Network 

Radiation heat transfer is modeled between surfaces comprising an enclosure, also 

called a network. Networks may be comprised of heat sink surfaces, a liquid pool sur-

face, gas between surfaces, and a fire source if the fire model is active. Two major 

components of the radiation network model are calculation of view factors and solution 

of the network equations.  

Radiation heat transfer may be considered in a simple form between heat sink and 

liquid pool surfaces and the gas region, i.e., no surface-to-surface radiation. This is the 

optically thick model that assumes all radiation emitted from a surface is absorbed by 

the gas. The radiation network model is used to override the optically thick model be-

cause gas is often not optically thick, and in some situations it may be practically trans-

parent. The current model includes the effect of absorption in the gas, and is able to 

thereby span the range between transparent and optically thick limits. 

Key features of the radiation network model are: 

– Radiative exchange among user-defined surfaces and the intervening gas  

– Automatic calculation of view factors for common situations, allowing user-input 

view factors for special situations  

– Automatic completion of a view factor matrix using reciprocity and summation laws  

– User control over final view factor matrices to consider uncertainty and overcome 

roundoff, shadow, and approximations  

– Provision for expansion of the view factor library 

The following logic is used to determine if the network or optically thick models are 

employed: 

1. If a heat sink is not part of a network, then its exchange is only with the region gas 

as described via the input surface and gas emissivities, the optically thick gas mo-

del. This calculation takes place when convection is calculated . 

2. If a heat sink is part of a network, its net radiative exchange is calculated and so is 

the corresponding term for the region gas, which may approach zero in the limit of 

a transparent gas. 
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3. Similarly, if a region liquid surface is not part of a network, then its radiation heat 

transfer is found using the optically thick gas model. If a region liquid surface is part 

of a network, its net radiative exchange is calculated. 

4. Overall control of the radiation models is governed by an active switch specified by 

input. This allows the network and optically thick models to be toggled, or for radia-

tion to be entirely bypassed. 

When a fire is part of the network, its radiative power may either be specified, in which 

case the power to all other surfaces in the network is apportioned by view factors from 

the fire. Alternately, the fire temperature may be known (either by specification or cal-

culation), in which case the network solution provides the radiative power from the fire 

and the power split to each surface in the network.  

Note that the fire geometry is assumed to be that of a cylinder of height, Hf, as de-

scribed in Section 3.2.1. Radiation is then considered from the side of the fire cylinder, 

but not from the top.  

The view factor between two surfaces may be user-specified or automatically calcu-

lated from a library of common situations. Calculated view factors are either found by 

an exact formula or, more commonly, by integration of differential view factor relations. 

The view factor library employs well-known fundamental relationships and view factor 

algebra to construct view factors between anticipated surface types, and the model 

structure is readily expanded to accommodate new situations. Models are listed in Ta-

ble D3-1 while a handy visual guide to available models appears in Figure D3-1. 

The radiant interchange model exploits standard approximations, namely: 

1. Gas and surface temperatures are uniform,  

2. Gas participation uses a formula for transmittance considering beam length, com-

mon gas absorption, and aerosol concentration, and 

3. The gas and surfaces obey Kirchoff’s law. 

If the fire and stratified region models are invoked, the key assumption is that the 

smoky layer is always optically thick. So, the gray gas considered in the network is the 

lower layer. The smoky layer acts as a heat sink surface for radiation. Objects are im-

mersed in the smoky layer based upon the fraction of vertical extent within the smoky 
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layer. When an object is completely immersed in the smoky layer, its radiative heat 

transfer is calculated using the optically thick model.  

Table D3-1 FATE 2.0 View Factor Summary Table  

Model 
Index 

Howell 
Index (1) Description 

2 C-11 Parallel directly opposed identical rectangles. 
3 C-14 Perpendicular rectangles joined by common edge. 
4 B-3 Parallel opposed rectangles, arbitrary size and displacement. 
5 B-4 Perpendicular rectangles, arbitrary size and displacement. 
6 C-18 Rectangular enclosure interior to second such area. 
7 n/a Rectangular enclosure interior to rectangular enclosure end. 

11 B-32 Cylinder to rectangle parallel to its axis.  
12 B-37 Cylinder to surrounding rectangle in base plane. 
13 B-37 Cylinder to rectangle in base plane, non-surrounding. 
14 C-77 Cylinder to surrounding annulus in base plane. 
15 n/a Cylinder to exterior cylinder, parallel axes. 
16  

C-95 
C-96 
C-97 
C-98 

Cylinder to concentric cylinder, different heights and elevations.  
Sub-models are 
C-95 inner cylinder entirely within outer 
C-96 inner cylinder extends beyond one end of outer 
C-97 inner cylinder extends beyond both ends of outer 
C-98 inner cylinder entirely outside outer (but coaxial). 

18 n/a Cylinder to surrounding non-concentric cylinder. 
21 C-40 Opposed identical coaxial circles. 
22 C-78 Cylinder interior to self. 
23 C-79 Cylinder interior to base. 
24 C-87 Cylindrical enclosure to coaxial cylindrical enclosure. 
25 C-81 Cylindrical enclosure to enclosure end. 
26 n/a Rectangular enclosure to cylinder:  Uses Formula 11, 4 times. 
27 B-14 Rectangle to circle, plane of rectangle parallel to plane of circle. 
28 B-15 Rectangle to circle, plane of rectangle perpendicular to plane of 

circle. 
(1)www.me.utexas.edu/~howell/ “A Catalog of Radiation Heat Transfer Configuration 
Factors,” 2nd Edition, by John R. Howell, University of Texas at Austin. 
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Fig. D3-3 Handy Visual Guide to View Factor Models Available  

D - 26 



 

 Model 18 Model 21 Model 22 Model 23 

     

 

 Model 24 Model 25 Model 26 

              

 Model 27   Model 28 

    

Fig. D3-2 Handy Visual Guide to View Factor Models Available (concluded)  
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D3.3 FATE Blind Calculations for BE-4  

Although the ICFMP offered a period for submission of blind benchmark calculations, 

no blind calculations were performed with the FATE computer program. All FATE re-

sults are provided below as part of the open benchmarking process. 

D3.4 FATE Open Benchmark Calculations for BE-4 

FATE version 2.14 calculations are presented below for BE-4 Tests 1 and 3. Calcula-

tions are performed on a personal computer with a 1.39 GHz AMD Athlon processor 

and a DOS/Windows XP operating environment. A typical run time for the model de-

scribed in Section 2 is 120 seconds of CPU time for a 2000 second simulation, or 17 

times faster than real time. 

D3.4.1 BE-4 Case 1 FATE Open Benchmark Results 

Case 1 is characterized by a kerosene fire with a steady state power in the range of 3 

to 3.5 MW, peak fan vent flows of 2 m3/sec, a doorway opening of 0.7 m by 3.0 m, and 

a multi-layer target in close proximity to the fire source. As will be shown, these condi-

tions result in a flame that extends well into the smoky region and significant variation 

in temperatures across the x-y plane. Thus, this case tests the FATE fire and heat 

transfer models under conditions of, 

1. Extremely high fire power (relative to typical NPP fires) 

2. Flame submerged in the smoky layer 

3. Varying ventilation and leakage flows 

In addition, this test provides insights into the use of a single region with smoky and 

lower layer sub-regions to model high power fires in small compartments.  

FATE calculations for BE-4 Case 1 are presented in Figures D3-4 through D3-24. From 

these figures, the following key insights are obtained. 

As with other benchmark tests, the BE-4 exercise demonstrates that the two most in-

fluential aspects of the input are the fire power and the room ventilation behavior. The 
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agreement shown in the following figures was only obtained after adjustments to the 

fire power, fan flow rates, and air mixing were performed.  

Figure D3-4 compares the measured total fan volumetric flow to the calculated flow. 

When a constant flow area was used in the FATE model, the ventilation flow after 700 

seconds was significantly over predicted. For a constant flow area, as the fire power 

remains constant or slightly increasing, one would expect that the fan ventilation flow 

would also remain constant or would increase slightly. Rather, the data showed a sig-

nificant decrease in the fan flow beginning around 700 seconds. For this reason, the 

fan ventilation flow was considered to be a boundary condition for the current calcula-

tion and the fan vent area was decreased by 10% in steps every 100 seconds from 700 

seconds to 1400 seconds. The initial vent area was set at 0.176 m2 and the final vent 

area at 1400 seconds was set at 0.0352 m2. This variation in the vent area is clearly 

noticeable in Figure D3-4 by the step decreases in calculated fan vent flow rate. Over-

all, this simple model for the fan boundary condition achieved reasonable agreement 

with the test data. 

Doorway flows are presented in Figures D3-5 and D3-6. The measured flows were 

estimated by reducing the reported velocities from doorway velocity probes V3 though 

V8. A volumetric flow rate was assigned to each measurement by taking the product of 

the reported velocity and 1/6 of the door area (0.35 m2). The net volumetric flow was 

then taken as the sum of the individual volumetric flows and is assumed to represent 

the unidirectional flow rate. This is based on the assumption that the door flow consists 

of a counter-current flow which exchanges equal volume amounts through the door and 

a unidirectional flow. The fire compartment gas density was taken as 0.396 kg/m3 for 

purposes of calculating the unidirectional mass flow rate out of the room. Since the net, 

or unidirectional flow is out of the room (Figure D3-5), the counter-current flow is taken 

as the sum of the inflows which were reported on probes V3, V4, and V5 (Figure D3-6). 

Probe V5 indicated intermittent inflow and outflow, however only the inflows were used 

for the counter-current flow estimation. The air density was taken as 1.2 kg/m3. Even 

though the doorway area input to FATE is computed as 100% of the geometric areas 

with no reductions taken for entrance and exit losses, the FATE unidirectional flow rate 

calculation under predicts the estimated doorway flow rates. The counter-current flows 

show better agreement. 

Figures D3-7 and D3-8 present the smoky layer height and the smoky layer gas con-

centrations. For this particular geometry – a high powered fire in a relatively small and 
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under ventilated compartment – the measured gas concentration may be a better 

measure of room conditions rather than the smoky layer height. Reasonable agree-

ment is indicated between the calculated and measured gas concentrations. Exact 

agreement is not expected since the measurement is performed at a single location (x 

= 0.10 m, y = 1.90 m, z = 3.80 m) and the FATE calculation represents an average 

value for the entire smoky layer. This agreement was obtained by modeling the door 

inflows (due to either uni-directional for counter-current flows) to be distributed equally 

between the smoky and lower layer. A mechanistic mixing model is an area for consid-

eration for future code development. 

Figure D3-7 also presents the calculated flame height. As shown, the flame height ex-

tends well into the smoky region. Thus, uncertainties related to air mixing and oxygen 

consumption are of increased significance for this particular fire geometry.  

Figures D3-9 through D3-11 present the measured and calculated room gas tempera-

tures. A key insight from these figures is that there is a substantial variation in the tem-

perature along the x-y plane. For example, at the 1.5 m elevation (Figure D3-9), the 

maximum temperature variation is approximately 300 C. At the 3.5 and 5.2 m eleva-

tions (Figure D3-10), the temperature variations are 150 C and 100 C, respectively. As 

the elevation increases, the temperature variation decreases. At the upper elevations 

(Figure D3-11) the lowest temperatures are reported near the front of the room (i.e., 

between the doorway and the fire) while the highest temperatures are reported near 

the back of the room.   

This temperature variation along the x-y plane is promoted by the room geometry in 

which the fire essentially blocks free inflow from the door (fire pan width is larger than 

the narrow doorway width). As shown in the figures, while the FATE smoky layer calcu-

lations provide reasonable estimates of the average gas temperatures, a two or three 

region model may be more appropriate to account for the x-y plane temperature varia-

tions. Because the lowest thermocouples were located at the 1.5 m elevation and were 

submerged in the smoky layer, there is no appropriate comparison for the FATE lower 

layer gas temperature indicated in the figures. 

Figures D3-12 and D3-13 compare calculated and measured wall surface tempera-

tures. As shown in Figure D3-12 (wall temperature at lower elevations), the peak wall 

temperatures in the back of the room are consistent with the peak gas temperatures 

presented in Figure D3-9, while the side wall temperatures are about 100 C lower. This 
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may be influenced by air circulation which may be diminished toward the back of the 

room. The FATE wall strip heat sink model presents an average temperature of all four 

side walls at a particular elevation, therefore it is not surprising that peak wall tempera-

tures are not predicted. Furthermore, the FATE wall presented in Figure D3-12 is lo-

cated between the 1.4 m and 1.9 m elevations, which are in the FATE lower layer. A 

key to accurately predicting heat sink temperatures is proper modeling of the heat sink 

location relative to the smoky layer. Also, because of the significant temperature varia-

tion in the x-y plane, a multi node compartment may be appropriate.  

The under prediction of wall temperatures at upper elevations, presented in Figure  

D3-13 is a result of the overall lower predicted smoky layer gas temperature (Figure 

D3-10). This will be addressed subsequently. 

Figures D3-14 through D3-17 present measured and calculated target temperatures. 

The concrete probe temperature (Figure D3-14) is somewhat under predicted, however 

in the FATE calculation, the probe remains in the lower gas layer, while test data indi-

cates the probe is submerged in the smoky layer. Figure D3-15 shows reasonable 

agreement between FATE calculations and measured waste container surface tem-

perature. The slight under prediction may be a result of the overall lower prediction in 

gas temperatures. The FATE model of the waste container includes three heat sinks at 

different azimuthal locations to represent the half of the can facing the fire. The solid 

line in the plot represents the center heat sink most directly facing the fire, while the 

dotted and dashed lines represent the side portions of the waste can not directly facing 

the fire. The significant heat up of the can surface, even though the waste can is lo-

cated in the lower gas layer, is an indication of the radiative power received from the 

fire.  

Figures D3-16 and D3-17 compare the concrete fill temperatures. These are subject to 

some uncertainty regarding contact resistance between the metal can and the con-

crete. Since the can outer surface temperature is under predicted, it is no surprise that 

the concrete temperatures are also under predicted. However, the proper heat conduc-

tion behavior through the concrete is exhibited by the FATE code. 

To perform a bounding analysis for nuclear power plant applications, the many uncer-

tainties associated with a room fire must be addressed. Uncertainties identified in this 

benchmark include the fire power, ventilation flows, and air mixing. Perhaps the most 

straightforward approach to addressing uncertainties to obtain a bounding assessment 
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appropriate for nuclear power plant applications is to increase the fire power. Thus, a 

sensitivity calculation has been performed which increases the nominal fire power by 

40% (i.e., increases the nominal fuel burn rate by 40%). Sensitivity results are pre-

sented in Figures D3-18 through D3-24. 

First, in Figure D3-18, the increased fuel burn rate is compared to the nominal curve 

used in the base case calculations and the fuel burn data. As shown, the 40% increase 

represents an upper bound to the data, so a 40% power increase is not unreasonable 

for a sensitivity calculation. 

Figure D3-19 demonstrates that the use of a realistic upper bound to the fuel burn rate 

results in a bounding prediction of gas temperatures. This, in turn, results in reasonable 

upper bound estimates of all wall and target heat sink temperatures, as shown in Fig-

ures D3-20 through D3-24. 
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Fig. D3-4 BE4 Case 1 Vent Fan Volumetric Flow Rate Modeled as a Boundary 

Condition 
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Fig. D3-5 BE4 Case 1 doorway unidirectional volumetric flow rate (positive flows 

are out of fire compartment)  
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Fig. D3-6 BE4 Case 1 doorway counter-current flow rate  
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Fig. D3-7 BE4 Case 1 smoky layer and flame height  
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Fig. D3-8 BE4 Case 1 smoky layer gas concentrations (test data measured at co-

ordinate x = 0.10 m , y = 1.90 m , z = 3.80 m)  
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Fig. D3-9 BE4 Case 1 gas temperatures at 1.5 m  
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Fig. D3-10 BE4 Case 1 gas temperatures at 3.35 m and 5.20 m  
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Fig. D3-11 BE4 Case 1 average gas temperatures  

D - 40 



 

Fig. D3-12 BE4 Case 1 wall surface temperature at lower elevations  
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Fig. D3-13 BE4 Case 1 wall surface temperature at upper elevations.  
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Fig. D3-14 BE4 Case 1 concrete probe temperatures  
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Fig. D3-15 BE4 Case 1 waste container metal surface temperature  
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Fig. D3-16 BE4 Case 1 waste container concrete midplane temperature  
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Fig. D3-17 BE4 Case 1 waste container concrete inner surface temperature  
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BE-4 Test 1 Burn Rate Sensitivity Model
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Fig. D3-18 BE4 Case 1 40% Power Increase Sensitivity: Burn Rate  
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Fig. D3-19 BE4 Case 1 40% Power Increase Sensitivity: upper gas temperature  
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Fig. D3-20 BE4 Case 1 40% Power Increase Sensitivity: upper wall temperature  
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Fig. D3-21 BE4 Case 1 40% Power Increase Sensitivity: probe temperature  
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Fig. D3-22 BE4 Case 1 40% Power Increase Sensitivity: waste can surface tem-

perature  
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Fig. D3-23 BE4 Case 1 40% Power Increase Sensitivity: waste can concrete mid-

plane temperature  
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Fig. D3-24 BE4 Case 1 40% Power Increase Sensitivity: waste can concrete inner 

surface temperature  
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D3.4.2 BE-4 Case 3 FATE Open Benchmark Results  

Case 3 is characterized by a kerosene fire with an equilibrium power in the range of 3 

to 3.5 MW with a peak power near the end of the burn of 8 MW. In addition, the door-

way opening has been reduced to 0.7 m x 1.0 m. The net result, as will be shown, is an 

under ventilated fire. Thus, this case tests the FATE fire and heat transfer models un-

der conditions of extremely high fire power (relative to typical NPP fires) with poor ven-

tilation. 

A key assumption used in modeling this case is the length along which oxygen is en-

trained and consumed in the fire. As with the previous case, the flame height is pre-

dicted to be well into the smoky layer and well above the top of the doorway. In addi-

tion, as will be shown, nearly all oxygen in the upper and lower regions is consumed. 

To prevent the fire from extinguishing due to oxygen starvation, air flowing in through 

the door must therefore be entrained and consumed in the fire. To model this turbulent 

mixing of fresh air and fuel, the FATE model parameter for air entrainment height is set 

equal to the bottom of the reduced doorway opening at the 1.6 m elevation. In FATE, 

this implies that once the calculated smoky layer descends to 1.6 m, air will be con-

sumed in the fire directly from the smoky layer. Prior to this point, air is consumed only 

from the lower gas layer. Finally, following guidance from other fire benchmarks, air 

flowing in through the doorway is assumed to be equally distributed between the smoky 

and lower gas layers. 

Key insights are obtained regarding oxygen consumption in the smoky and lower gas 

layers for the under ventilated conditions. FATE calculations for BE-4 Case 3 are pre-

sented in Figures D3-25 through D3-35.  

Figures D3-25 and D3-26 present the smoky layer height and smoky layer gas concen-

trations. Once again, the gas concentration is a better measure of conditions in the 

smoky layer. The measured smoky layer height is based on an average of thermocou-

ple readings at 4 separate elevations, with the lowest elevation at 1.5 m. Thus, the re-

ported layer height does not provide indication of smoky layer heights below 1.5 m. 

Furthermore, the FATE calculation is controlled by the specification of the height of air 

entrainment into the fire (1.6 m). The only insight to be gained is that the smoky layer 

quickly descends and fills nearly the entire room. The FATE calculation of oxygen con-

centration closely follows the test data, with both the data and calculation indicating 
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zero oxygen around 1100 seconds, returning to normal oxygen concentrations follow-

ing fire termination.  

Once again, the gas and heat sink temperatures were found to be closely linked to the 

fire power. For this reason, adjustments were made to the reported fuel burn rate (see 

Figure D2-3) to conform to the times at which test data indicated the plume gas tem-

peratures began to increase and decrease. Figures D3-27 through D3-29 present the 

measured and calculated gas temperatures. Because the room is essentially com-

pletely filled with smoke, the lower layer gas temperature calculation has no corre-

sponding test measurement. Overall, reasonable agreement is obtained and no at-

tempt was made to increase the fire power from its nominal value to provide a bound-

ing estimate of the gas temperatures. 

Calculation of the concrete probe and waste can temperatures (Figures D3-30 through 

D3-33) as well as the concrete wall surface temperatures (Figures D3-34 and D3-35 

proved to be sensitive to whether or not each heat sink was submerged in the smoky 

layer. This suggests that further analysis of the heat sink-smoky layer energy balance 

calculations is warranted.  
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Fig. D3-25 BE4 Case 3 Smoky layer height 
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Fig. D3-26 BE4 Case 3 smoky layer gas concentrations  
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Fig. D3-27 BE4 Case 3 gas temperature at 1.5 m  
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Fig. D3-28 BE4 Case 3 gas temperatures at 3.35 m and 5.2 m 
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Fig. D3-29 BE4 Case 3 average gas temperatures 
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Fig. D3-30 BE4 Case 3 concrete probe temperatures 
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Fig. D3-31 BE4 Case 3 waste can surface temperatures 
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Fig. D3-32 BE4 Case 3 waste concrete midplane temperatures  
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Fig. D3-33 BE4 Case 3 waste can concrete inner surface temperature  
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Fig. D3-34 BE4 Case 3 lower wall surface temperature  
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Fig. D3-35 BE4 Case 3 upper wall surface temperature  
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D4 Conclusions and Recommendations  

Open benchmark results based on the FATE computer program have been presented 

for Benchmark Exercise 4 Cases 1 and 3. Key conclusions from this benchmark effort 

are: 
 

1. Calculations are most sensitive to assumptions regarding fire power, ventilation 

flows, and air mixing. Considering all uncertainties, using a reasonable upper 

bound estimate of the fire power or fuel burn rate can produce upper bound esti-

mates of target temperatures. This approach can be considered in nuclear power 

plant fire analyses. 

2. Certain fire room geometries, such as that considered here, may require modeling 

with multiple regions rather than a single region to obtain fine details of the room 

response. However, the single region model used here is shown to be appropriate 

if the goal of fire analysis is prediction of critical target response. The combination 

of a single region model, with smoky layer and lower layer sub regions, and an up-

per bound on fire power yielded bounding estimates of the target temperatures. 

3. Smoky layer behavior, in terms of layer height and gas concentration, proved sen-

sitive to assumptions regarding mixing of air inflows between the smoky and lower 

layers as well as assumptions regarding oxygen consumption in the fire for an un-

der ventilated fire. Furthermore, results proved to be sensitive to the smoky layer 

behavior. 

4. This integral code benchmark show that the FATE code calculations follow the 

trends of the test data and can produce bounding estimates of target temperatures. 

Thus, this benchmark provides validation for applicability of the FATE fire sub-

models and the standard one-region room model to conditions of high powered 

fires in under ventilated rooms. 

The preceding results and conclusions suggest the following areas for future FATE 

code development: 

1. Mechanistic mixing of air inflows between the smoky and lower layers. 

2. Mechanistic treatment of oxygen consumption for under ventilated fires. 
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Résumé  

Ce rapport présente les résultats de simulations numériques réalisés avec le code 

FLAMME-S pour des scénarios de feux de kérosène dans un local. Ce travail a été 

réalisé dans le cadre d’un projet international visant à évaluer les modèles incendie 

appliqués à des feux dans des installations nucléaires.  

Mots-clés: feux de kérosène, modélisation  

Abstract  

This report presents the results of numerical simulations achieved with the FLAMME-S 

code on kerosene pool fires inside a compartment. This work has been performed in 

the frame of an international collaborative project to evaluate fire models for nuclear 

power plant applications. 

Key-words: kerosene fire, simulations  
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E1 Introduction  

The Benchmark Exercise No. 4 is set up to evaluate the capabilities of codes to model 

relevant phenomena with kerosene fires in a compartment. The results of calculations 

are compared to two experiments performed at the iBMB of Braunschweig University of 

Technology.  

The two experiments studied, called Test 1 and Test 3, implement a 1 m2 pool of kero-

sene in the OSKAR facility, with a volume of 74 m3. In the first experiment, a door is 

completely open, with a free cross section of 0.7 m x 3 m. In the second one, the door 

is partly closed and reduced to 0.7 m x 1 m.  

The purpose of this document is to present the results of the numerical simulations 

achieved with a two-zone models code FLAMME-S Version 2.3.2, developed by IRSN.  

Before presenting the results, a remark must be made concerning the fact that the 

studied cases are outside the validation domain of FLAMME-S. The two following con-

ditions of application of the code are not proved in these cases  0: 

– The ratio of the pool surface to the area of the floor of the facility is less than 5 %. 

– The ratio of the heat release rate to the volume of the facility is less than 5 kW m-3. 

Indeed, the two configurations can be described as a large fire in a small enclosure. 

And, the assumptions used in a two-zone models code are not valid in these cases: for 

example the plume model, radiation model, or point source is not applicable for these 

scenarios. 
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E2 Input Parameters and Assumptions 

Most of input data are given in the specifications  0. Assumptions and input data which 

are not identified in the Benchmark Exercise specifications are presented in this sec-

tion. 

E2.1 Characteristics of the Facility 

The OSKAR facility of iBMB is simulated by a compartment with 3.6 m depth, 3.6 m 

width and 5.7 m height.  

Characteristics of the Walls 

The side walls are constructed from 25 cm of light concrete, on the side of the fire com-

partment, and 5 cm of insulation. The ceiling is made of a 25 cm layer of concrete and 

a 5 cm layer of insulation. For the floor, only 30 cm of concrete are taken into account: 

the aerated concrete implemented in the experiments in order to protect the mass loss 

measurement is not modeled. The properties of the compartment materials are given in 

 0. 

Two material probes, concrete and aerated concrete, are modeled. The size of these 

elements is 0.3 m x 0.3 m, with a thickness of 0.1 m. The slabs are meshed in order to 

compare the results of the code with the different temperatures measured inside the 

material probes.  

Heat Transfer 

The emissivity of all surfaces is assumed to be 0.95.  

The convective heat transfer is 10 W m-2 K-1 to the inside and 6 m-2 K-1 to the outside 

environment.  

Ventilation 

In Test 1, the door is completely opened, with a free cross section of 0.7 m x 3 m. In 

Test 3, the opening is partly closed, with a free cross section of 0.7 m x 1 m. The fan 

system, which is not used in the experiments, is not modeled.  The hood above the 
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open front door which is used to estimate experimentally the heat release rate is also 

not modeled. Thus, only natural ventilation through the door is considered in simula-

tions with FLAMME-S. 

E2.2 Characteristics of the Fire Source 

Geometry of the Pool 

The fire source is a 1 m2 pool of kerosene located at the center of the room. For the 

simulations, the bottom of the pan is set to be on the floor instead at 0.51 m above the 

floor in the experiments to simplify the calculations.  

Kerosene Properties 

Most of the kerosene properties are given in the specifications  0. The energy released 

by radiation represents 32 % of the total heat released  0.  

A complete reaction of combustion is assumed: 

 22229.2564.11 64.1164.129.17 COOHOHC +→+  

This reaction corresponds to an efficiency coefficient of combustion equal to 1.  

Pyrolysis Rate 

In a first step, semi-blind calculations are achieved with a constant pyrolysis rate of 

kerosene. For the semi-blind calculations of Test 1, the pyrolysis rate is assumed to be 

equal to 65 g m-2 s-1, a value measured in large scale fires  0. For Test 3, calculations 

are realized with a lower value of 50 g m-2 s-1. This value is close to the one measured 

during the steady state. For these simulations, fire self-extinguishing may occur when 

the oxygen concentration reaches 11.5 %. 

In a second step, open calculations are achieved with the pyrolysis rate measured dur-

ing the experiments. In these cases, the lower oxygen concentration is fixed at 0 %, 

because the decrease of oxygen is taken into account with the variation of the experi-

mental pyrolysis rate. 
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The pyrolysis rates used as input data for calculations are shown in the figures Fig. E1 

and Fig. E2. 
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Fig. E1 Pyrolysis rate of Test 1  
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Fig. E2 Pyrolysis rate of Test 3  
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E3 Comparison of Code Predictions and Experimental Results  

In this part, the values calculated by FLAMME-S code are compared with experimental 

results. Two types of calculations are realized: semi-blind, i.e. with an estimated pyro-

lysis rate, and open, i.e. with the experimental pyrolysis rate as input data. 

E3.1 Test 1 

Test 1 is a 1 m2 pool fire of kerosene in a room with an open door with a free cross 

section of 2.1 m2. 

E3.1.1 Comparison with Experimental Results 

Heat Release Rate  

Fig. E3 shows the evolution of the heat release rate of the fire for the two types of cal-

culations. In semi-blind calculations, the extinction of the fire occurs when the oxygen 

concentration in the upper layer reaches 11.5 %. With this assumption, the calculated 

duration of the fire corresponds to the one observed experimentally. 
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Fig. E3 Heat release rate of Test 1 

Interface Layer 

As shown in Fig. E4, the layer height calculated by FLAMME-S is lower then the inter-

face determined from the experimental data.  

The experimental interface height is determined with thermocouples located at three 

elevations: 1.5 m, 3.35 m and 5.2 m. So, in the experiment, the layer height never de-

creases under the elevation of the first thermocouple, i.e. 1.5 m. Tourniaire et al. have 

shown that the data reduction method is weakly dependant on the number of thermo-

couples, except, with three thermocouples, the interface height does not reach the floor 

 0. 

For semi-blind and open calculations, the location of the upper layer rapidly moved 

from the ceiling down to approximately 0.5 m above the floor (see Fig. E4). 
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Fig. E4 Layer height of Test 1 

Gas Temperature 

The gas temperatures calculated of the upper layer are in good agreement with the 

experimental results. As the layer height calculated by the code is reasonably lower 

then the experimental interface, the temperature of the lower layer is colder than the 

gas temperatures measured (see Fig. E5 and Fig. E6). The experimentally measured 

lower layer thickness and temperature are higher than the corresponding results calcu-

lated by the code. 
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Fig. E5 Gas temperature in the compartment - semi-blind calculations 
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Fig. E6 Gas temperature in the compartment - Open calculations 

Oxygen Concentration 

The oxygen concentrations calculated with the code in the upper layer are lower than 

those measured, but the comparison is difficult because the sensor GA2-O2 seems to 

have saturated (see Fig. E7). 
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Fig. E7 Oxygen concentrations  
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Heat Fluxes of the Walls 

Experimentally, the total heat fluxes are measured at one elevation, i.e 1.7 m. At the 

upper layer, the code calculates slightly lower total heat fluxes (see Fig. E8). 
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Fig. E8 Heat fluxes of Test 1 

Wall Temperatures 

The wall temperatures are not compared because the FLAMME-S code calculates an 

average temperature for the first mesh of a wall and it can not be compared with a sur-

face temperature measured experimentally. 

However, the temperatures of the two material probes are compared (see Fig. E9 and 

Fig. E10). In the experiment, sensors seem to be reversed M 28 and M 26 for the aer-

ated concrete slab and M 32 and M 30 for the concrete slab. The calculated results are 

in good agreement with measurements if the four sensors mentioned above are really 

reversed. 
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Fig. E9 Temperatures of the aerated concrete slab  
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Fig. E10 Temperatures of the concrete slab  
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E3.1.2 Other Calculated Results 

Other calculated results are presented, however they are not compared to experimen-

tal results, because these parameters are not measured. 

Heat Losses into the Walls of the Fire Compartment 

Fig. E11 and Fig. E12 show the total heat losses into the walls of the fire compartment. 

Theses losses represent approximately 70 % of the heat released by the fire. 



E - 15 

0

500

1000

1500

2000

2500

3000

3500

0 300 600 900 1200 1500 1800

Time (s)

H
ea

t l
os

s 
(k

W
) Side walls - Lower layer

Side walls - Upper layer
Ceiling
Floor
Total heat loss into walls
HRR

 

Fig. E11 Heat loss into the walls of the fire compartment – semi-blind calculations 

0

500

1000

1500

2000

2500

3000

3500

0 300 600 900 1200 1500 1800

Time (s)

H
ea

t l
os

s 
(k

W
) Side walls - Lower layer

Side walls - Upper layer
Ceiling
Floor
Total heat loss into walls
HRR

 

Fig. E12 Heat loss into the walls of the fire compartment – open calculations 
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Mass Flow Rates through the Door 

The evolutions of mass flow rates through the door are generally similar for the two 

kinds of calculations. The results show one difficulty with the use of the code: there are 

a lot of numerical variations due to low pressure difference through the door during the 

stationary phase of the fire.  

For the two cases, the mass flow rate through the front door from the fire compartment, 

i.e. GOUT, is around 1.8 kg s-1 at the beginning of the fire, and increases at the end of 

the fire. 

Neutral Plain 

For the two cases, the neutral plain at the door is around 1.3 m. 

E3.2 Test 3  

The experimental conditions of the Test 3 are similar to those of Test 1 but with a 

smaller opening, with a free cross section of 0.7 m2. 

Heat release rate 

For the semi-blind calculations, the concentration limit of oxygen (imposed in the data 

file on a value of 11.5 %) leads rapidly to an extinction of the fire, two minutes after the 

beginning of the fire.  

For the open calculations, even if the experimental pyrolysis rate is imposed in the data 

file, the code under-estimates the heat release rate: the pyrolysis rate is limited by the 

code because the quantity of oxygen involved in the reactive zone is not enough for the 

combustion reaction (see Fig. E17).  

So for all others parameters, the comparison of code/measurements will be not satis-

factory since the heat release rate is under-estimated. 

The results of the code concerning the heat release rate seem to show that, during the 

Test 3, a phenomenon occurred that it is not modeled by the code. Experimentally, the 

oxygen concentration measured reached 0 %, the gas temperatures inside the com-
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partment increase up to about 900 °C (see Fig. E16) and a flame was observed at the 

opening. This experiment presents characteristics similar to those of the ghosting flame 

described by different authors. For example, Audouin et al. observe a flame that mi-

grates from the original fuel surface towards the opening  0. A two-zone model code is 

not able to model this phenomenon: in the code, the unburned gases cannot move 

from the fire zone to an opening. Interesting results of the code are the comparison of 

the pyrolysis mass (input data), with the burned and unburned masses of fuel calcu-

lated by the code (see Fig. E14). These results show that all the pyrolysis fuel burns 

during the first three minutes, but later, under ventilated conditions in the compartment 

(due to the smaller opening) leads to only a proportion of vaporized gases burning in-

side the facility.  
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Fig. E13 Heat release rate of Test 3 
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Fig. E14 Quantities of burned and unburned fuel  



E - 19 

Interface Layer 

The calculated location of the upper layer rapidly moved from the ceiling down to the 

floor, for the semi-blind and the open calculations. In the code, when the interface 

reaches the floor, there is only one gas zone. Experimentally, the height of the layer 

never reaches a level below the elevation of the first thermocouple, i.e. 1.5 m (see 

chapter E3.1). 
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Fig. E15 Layer height of Test 3 

As it is mentioned above, the code under-estimates the heat release rate so the calcu-

lated average temperature is cooler than the measured gas temperatures (see Fig. 

E16) and the heat fluxes are lower than those measured (see Fig. E18). 
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Fig. E16 Gas temperature in the fire compartment  
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Fig. E17 Heat fluxes of Test 3  
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Mass Flow Rates through the Door 

The development of mass flow rates through the door is presented in Fig. E18. How-

ever, these results are not correct, because all others parameters are under-estimated.  
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Fig. E18 Mass flow rates through the door of Test 3  
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E4 Conclusions  

The two-zone model FLAMME-S has been applied to perform calculations for the 

Benchmark Exercise No. 4 to simulate kerosene pool fires inside a compartment. The 

results calculated are compared to experimental measurements of two experiments, 

implementing a 1 m2 liquid fuel pool of kerosene in a compartment with natural ventila-

tion through an opening. 

In the first experiment, the opening is a door with a free cross section of 2.1 m2. A more 

adapted instrumentation would be necessary, in particular in the gas zone, to compare 

the experimental results to code simulations. Nevertheless, for this case, the FLAMME-

S results show a good overall agreement with the measured data. 

In the second experiment simulated, the opening is smaller, with a free cross section of 

0.7 m2. For this case, the FLAMME-S results cannot be compared to the experimental 

data because the phenomenon observed experimentally, when the fire stabilizes at the 

opening, is not modeled by the two-zone code, FLAMME-S. 

These two scenarios studied are outside the validation domain of FLAMME-S  0. How-

ever, the comparison of the code results to the experimental ones show that the calcu-

lated results are in good agreement with the experimental data according the size of 

the opening. 
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F1 Introduction 

This report describes the calculations carried out for Benchmark Exercise #4 with the 

code CFX 5.7 /CFX 04/ within the frame of the International Collaborative Project for 

the Evaluation of Fire Models (ICFMP). The code version 5 of the CFX family repre-

sents a completely new code structure compared with previous versions and offers 

new features. An assessment of CFX 5 in blind mode for benchmark #4 failed because 

of lack of time to test relevant new test options. Post-test analysis comparisons against 

test data have now been made. The following chapters present the results obtained for 

tests 1 and Test 3 and draw comparisons to experimental data.  
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F2 Computer Model of the Test Facility 

The OSKAR test facility includes the fan system Fuchs and a hood outside the test 

room to collect the gas stream through the door opening. Fig. F1 shows the computer 

model developed for CFX. The fire tray is shown in red. The barrel tray has a blue 

color. The venting openings from the hood and to the fan system are shown in cyan. 

The outer boundary of the computational domain to the environment, lateral from the 

hood, has a light yellow color.  

Thanks to the regular geometry of the test arrangement, the computational mesh was 

decided to be built exclusively with completely structured cells. This usually improves 

the convergence of the simulation compared with unstructured or mixed meshes. A cut 

through the mesh is displayed in Fig. F2. The mesh is quite uniform and less dense 

underneath the hood outside of the test room. The mesh has a total of 115700 cells in 

the fluid domain of the modeled test volume. Another 2548 cells are in the barrel target 

(inner and outer part) to describe heat conduction. Later in the text, when the simula-

tion results are compared with the measured temperature increase in the solid barrel, it 

reveals that the horizontal resolution chosen is probably not yet fine enough.  

Both tests analyzed differ only in the size of the door opening. The two variants used 

are shown in Fig. F3. The smaller opening at Test 3 provides less fresh air supply to 

the fire.  

 



 



F - 5 

F3 Physical Description of the Tests by CFX 

The gas mixture of air and the fuel kerosene is modeled by the individual species, 

which are kerosene, oxygen, nitrogen, carbon-dioxide and steam. Soot is also created 

according to the Magnusson soot model implemented in CFX. In this model a number 

of constants are used, which were not further investigated in the given context. Nitro-

gen represents a background fluid, not participating in any reaction. The chemical reac-

tion itself is represented by a single-step mixing controlled reaction within the Eddy 

Dissipation model. The reaction modeled reads 

OHCOOHC 22229,2564,11 645,1264,119625,17 +→+  (1) 

A predefined share of the reaction heat (40%) is emitted from the surface of the fire 

pan as radiation flux and distributed by the P1 radiation model in CFX. This radiation 

model solves an extra transport equation and assumes direction independent radiation 

transport. It allows heating of the fluid due to radiation from a boundary (here the fuel 

pan). The fuel flow from the fire pan is prescribed according to the measured fuel con-

sumption. The chemical reaction happens according to the mixing intensity in the fluid 

domain and the local availability of fuel and oxygen. Flows through the venting system 

“Fuchs” and the hood are specified by flow velocities given in the specification of the 

tests. 

A simplification was made concerning the heat flow into the surrounding walls. These 

walls are not included in the mesh and hence the heat flow calculated at constant wall 

temperature. This over-estimates the removal of energy from the fluid. Alternatively, a 

one-dimensional heat conduction model as a boundary condition without including the 

walls in the mesh is available, but was not applied.  
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F4 Test Results and Comparison 

Tests 1 and 3 differ in the release history of kerosene and the size of the opening to the 

environment. 

F4.1 Test 1 

The fuel release rate from the fire pan is shown in Fig. F4. This history corresponds 

exactly to the fuel consumption curve from the experiment. A total amount of 80.7 kg 

kerosene was calculated. A typical temperature distribution in a vertical plane is shown 

in Fig. F5. This plane includes the locations chosen for time histories in the front and 

back of the test room in Fig. F6 and Fig. F7. The temperature distribution is affected by 

the inflow of cold air through the door and the hottest part of the gas plume is pushed 

towards the back of the room. For the temperature histories in Fig. F6 and Fig. F7 three 

vertical locations were selected. The temperatures in the front location show a good 

correspondence to the measurements up to about 400 s and then stagnate up to the 

time when the fire intensity passes its peak. In the simulation this is expressed by a 

slight reduction of gas temperatures. Then the fire intensity remains constant for a 

longer while and reduces to zero after about 1400 s. The measured temperatures how-

ever increase continuously up to the end of fuel combustion. It seems that radiative 

heat flow to the thermocouples may have caused this behaviour. CFX provides pure 

gas temperatures, which do not include any radiative contribution. A similar tendency 

can be observed for temperatures in the back part of the facility (Fig. F7). Here, how-

ever measurement and simulation show different trends. During the test the highest 

temperature was observed at the bottom of the room and decreasing towards the ceil-

ing. The simulation predicts the opposite. Fig. F8 provides a planar distribution of tem-

perature together with a linear profile including the same locations as from Fig. F7. Fig. 

F8 shows a stratification of temperature, which is strongly distorted to the right side of 

the figure. The probe locations according to Fig. F7 are located in a region with tem-

perature increase from bottom to ceiling. The predicted temperature of CFX varies with 

time and sometimes decreases with increasing height. The code calculates a fluctua-

tion of the fire plume with time. 

Selected temperatures in a vertical line directly above the fire pan are depicted in Fig. 

F9. Similar to the temperatures in the front location of the room, the calculated values 

increase faster than the measured ones, but do not show a continuous increase 
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throughout the transient. Instead, they have almost constant values for a longer time. 

This is typical for all locations of probes in relation to the simulation. Fig. F10 displays 

the temperature profile for the same locations as in Fig. F9 at 1100 s. The maximum 

temperature exists directly above the fire tray and then remains almost constant with 

increasing height. 

The oxygen history at probe GA1 is compared to simulated values in Fig. F11 (location 

of GA1 shown in Fig. F12). The measured data are captured quite well. Only at the 

beginning and the end of the fire scenario some differences can be seen. This may be 

related to the kerosene release curve, which was specified as input. An illustration of 

the oxygen distribution influenced by the gas exchange through the door opening can 

be seen in Fig. F12. Lowest mole fractions are found above the fire tray in a plume 

pushed to the back of the room. Most other locations of the plane in Fig. F12 have rela-

tively uniform oxygen mole fractions. The CO2 generation as a product of the kerosene 

combustion behaves opposite to the oxygen consumption. This can be seen by a com-

parison of Fig. F12 and Fig. F14. The quantitative comparison of the CO2 measurement 

with simulation data in the vicinity is depicted in Fig. F13. The measured CO2 mole 

fraction is lower than the values predicted by CFX. This may be due to the fact that the 

modelled chemical reaction does not include any production of CO and contributes all 

directly to CO2. A global circulation pattern forms in the combustion room, which con-

siderably homogenizes the species concentrations.  

In the door opening a number of flow sensors recorded the flow speeds in a vertical 

line. Fig. F15 compares predictions to measurements. In the upper locations the pre-

dictions compare quite well with the measurement, in the lower probe locations how-

ever the flow is under-estimated. It is possible, that some of the lower sensors were not 

working correctly. A more illustrative representation of the stratified flow through the 

door can be seen in Fig. F16. The vertical velocity profile, which was added to Fig. F16, 

shows that the flow is directed inwards in the lower section of the door and outwards in 

the upper part. A zero velocity region is approximately in the middle of the door. Mass 

flows through the hood area outside of the room together with the flow out of the fan 

system (Fuchs) are drawn in Fig. F17. From the specification of the experiment flow 

velocities through the respective openings were used as input to the code. These val-

ues are also shown in Fig. F17. Mass flows out of the computational model are nega-

tive. 
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The next two figures show the temperature growth in the selected locations of the bar-

rel target. This barrel is built as a double vessel container. The inner section was filled 

by some sort of granulate and the outer cylinder by concrete. In the computer model 

only these two materials have been included but not the vessel walls. Also the mesh 

was probably not sufficiently fine to model the correct temperature built-up. A coarser 

mesh inside the solid body results in less heat-up because of averaging over a larger 

volume. Fig. F18 and Fig. F19 show the calculated temperature histories at some loca-

tions in the inner and outer part of the barrel. 

F4.2 Test 3 

The modelled kerosene release curve is shown in Fig. F20. This history was submitted 

to the code according to the test description. The imposed sudden termination of kero-

sene release after about 1100 s can also be identified in the temperature plots and 

causes some disagreement after that time (see Fig. F21 or Fig. F23). The gas tem-

perature history along a vertical line in the front of the test facility is depicted in Fig. 

F21. An isosurface of temperature including the profile line of Fig. F21 is illustrated in 

Fig. F22. This figure reveals the impact of the inflow through the door on the tempera-

ture distribution. The gas with the highest temperatures is pushed towards the back 

wall. Gas temperatures in the back are shown in Fig. F23. They show a similar good 

correspondence with measured data up to the moment the fire is stopped. There might 

also be some thermal inertia of the thermocouples including continuing radiative heat 

flux from walls, which causes a slower decrease than predicted by the simulation. The 

temperature distribution directly above the fire tray is shown in Fig. F24. The meas-

urement indicates a relatively uniform temperature. The simulation however calculates 

a quite low temperature in the lowest elevation and indicates a stronger stratification. 

This is related to the calculated strong distortion of hot gases towards the back wall. A 

typical temperature pattern is also shown in Fig. F25. The inflow of cold air decreases 

the lower temperature.  

Due to the combustion the oxygen concentration in the atmosphere is reduced. The 

corresponding history at several locations close to sensor location GA1 is depicted in 

Fig. F26. For this test the correspondence to measured data is as good as for Test 1. A 

more comprehensive distribution is presented in the isosurface of Fig. F27. The corre-

sponding CO2 contents in the test facility at the same time can be seen in Fig. F28. 
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The flow through the door opening can be characterized by the available velocity 

probes. A comparison between measurement and calculation is illustrated in Fig. F29. 

For the lower velocity probe the comparison is very good. At the upper location how-

ever negative values (inflow) were measured but the predictions were positive. Fig. F30 

confirms this situation. At the time shown (800 s) there is only flow into the test com-

partment through the door. This is also illustrated in Fig. F31. This top view from inside 

the test compartment shows the flow pattern directed inwards. At other times the flow 

direction changes. The flow out of the fan system (Fuchs) however supports inflow 

through the door. Fig. F32 shows the flow speeds for both ventilation systems (blue 

lines) together with the calculated mass flows by CFX (black lines). 

In Fig. F34 and Fig. F34 the temperature increase at selected locations in the barrel 

container is summarized. The barrel container with its inner and outer cylinder was 

modelled with some simplifications. The steel shells were not included in the mesh. 

Therefore the heat-up in the simulation may progress slightly faster. This becomes ob-

vious in Fig. F33. In the inner section filled with granulate there is almost no tempera-

ture built-up as depicted in Fig. F34. At the beginning of the experiment the tempera-

ture was not uniform. The simulation however started from an equal distribution 

throughout the barrel. Therefore simulated temperatures are shifted by a certain 

amount.   
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F5 Conclusions 

Both experiments simulated by CFX-5.7 show satisfactory or good agreement to 

measured data. The mesh used is completely structured. This involves difficulties if the 

length scales to be represented differ strongly. Following this consideration, the three 

material probes were not included and corresponding temperature predictions are not 

provided. This could be improved if locally unstructured cells are used to model tiny 

objects in combination with a structured main mesh.  

The simulations were carried out without taking into account the thermal reaction of the 

surrounding walls. Heat releases are modelled using the wall function of the turbulence 

model but the walls do not heat up. This was chosen in order to save computing time 

but involves too much heat leaving the domain. Now a separate heat conduction model 

acting as variable boundary condition is available to provide a more realistic wall be-

haviour. 

Further improvement of predictions might be achieved if the radiative share from the 

flame would be released where the reaction really takes place. In the given model of 

the test facility the flame radiation is emitted from the fire pan, which does not match 

reality for the floor radiation in particular.  
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F8 Figures  

 

Fig. F1 Cut through the CFX model of the test facility OSKAR 

 

Fig. F2 Mesh distribution in a vertical plane  
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Fig. F3 View of the vent openings for Test 1 (left) and Test 3 (right) 
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Fig. F4 Released and burned kerosene mass history for Test 1 
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Fig. F5 Vertical temperature distribution at a plane x=0.95 m 
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Fig. F6 Comparison of selected gas temperatures close to the front of the test facil-

ity (Test 1)  
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Fig. F7 Comparison of selected gas temperatures in the back of the test facility 

(Test 1)  
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Fig. F8 Illustration of the vertical temperature distribution in the back of the facility 

(Test 1)  
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Fig. F9 Comparison of selected gas temperatures above the fire pan  
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Fig. F10 Vertical temperature distribution at a plane x=1.75 m  
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Fig. F11 Oxygen history for Test 1 



F - 23 

 

 

 

 

 

Fig. F12 Oxygen distribution in the test facility in a vertical plane (x=1.8 m) 
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Fig. F13 Measured CO2 concentration in comparison with simulated values (Test 1) 
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Fig. F14 CO2 distribution in the test facility in a vertical plane (x=1.8 m) 
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Fig. F15 Flow speed distribution in the door opening for Test 1 
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Fig. F16 Flow distribution through the door opening (Test 1) 
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Fig. F17 Calculated mass flows through hood and ventilation system (Test 1) 
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Fig. F18 Selected temperatures in the barrel target (M45 to M47, Test 1) 
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Fig. F19 Selected temperatures in the barrel target (M43 to M44, Test 1) 
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Fig. F20 Released and burned kerosene mass history for Test 3 
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Fig. F21 Comparison of selected gas temperatures close to the front of the test facil-

ity (Test 3) 
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Fig. F22 Temperature distribution in OSKAR in a vertical plane (x=0.95 m) 
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Fig. F23 Comparison of selected gas temperatures in the back of the test facility 

(Test 3) 
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Fig. F24 Comparison of selected gas temperatures above the fire pan (Test 3) 
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Fig. F25 Temperature distribution in OSKAR in a vertical plane (x=1.75 m) 
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Fig. F26 Oxygen history during Test 3 



F - 36 

 

 

 

 

 

Fig. F27 Oxygen distribution in a vertical center plane (Test 3) 
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Fig. F28 CO2 distribution in a vertical center plane (Test 3) 
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Fig. F29 Flow measurements in the door opening (Test 3) 
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Fig. F30 Typical flow distribution in a vertical plane through the door (at x=1.8 m, 

Test 3) 
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Fig. F31 Flow pattern through the door opening at 800 s (Test 3) 
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Fig. F32 Calculated mass flows through hood and ventilation system (Test 3) 
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Fig. F33 Temperature build-up in the outer section (concrete) of the barrel target 

(Test 3) 
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Fig. F34 Temperature build-up in the inner section (styrene granulate) of the barrel 

target (Test 3)  
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G1 Introduction  

FDS (Fire Dynamics Simulator) was applied to Test 3 of Benchmark Exercise No. 4 in 

order to compare the performance of different versions of FDS, and to compare the 

influence of the model user on results. FDS versions 2 and 3 had been applied to this 

benchmark at GRS in the framework of a former project which was not part of the 

ICFMP. Those simulations were performed at a stage when only parts of the informa-

tion on the test parameters were available. Hence, those simulations were not suitable 

for a comparison within the ICFMP project.  

This report is about some additional calculations with FDS based on the official 

benchmark specification of experiment 4, Test 3. Due to the late start this work (spring 

2005) these are all open calculations. Model calculations concentrated on the applica-

tion of FDS3 (coarse grid and nested fine grid) to compare results with former calcula-

tions. In addition, similar calculations were made with FDS4 (coarse grid and nested 

fine grid). Reports and presentations on similar FDS simulations performed by NIST 

and NRC were not studied before, or during the work in order to test the influence of 

the model user on results.  
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G2 Model Parameters  

Two mesh resolutions were used within FDS: 20 cm (coarse grid) and 10 cm (fine grid). 

In case of fine grid simulations this grid resolution has only been applied in the lower 

two thirds of the compartment using the multiple mesh option of FDS whereas all other 

areas were resolved with 20 cm resolution only (see Fig G2.1). T he coarse grid con-

sists of 20x36x36 cells. The fine grid area containing 24x36x40 cells was intended to 

cover the fire and its surrounding. Compared to a full area application of the fine resolu-

tion this approach only increases the CPU demand by a factor of approx. 3.5 compared 

to an increase by a factor of 16, otherwise.  

Depending on the resolution, some objects and openings were slightly shifted in order 

to align with the grid, especially in the coarse grid case. Sloping or cylindrical objects 

were approximated as “stair steps”.  

All objects were defined as homogeneous material. The mock-up waste drum was de-

fined as an artificial material obtained from linear mixture of contained material proper-

ties because of all limitation discussed in the corresponding benchmark report of NIST. 

FDS calculates only one-dimensional heat conduction inside all these objects. 

Boundary conditions in the outer area were open. Hood and compartment fan ventila-

tion were prescribed as velocities at the outer model boundaries according to the 

benchmark specification. 

The pool fire was included using the dodecane C12H26 definition of the FDS2 database 

instead of C11.64H25.29 as given in the specification. Later FDS databases use C14H30 for 

kerosene. Standard FDS values for soot yield (0.042) and CO yield (0.012) were ap-

plied. Fuel evaporation rates were prescribed as given in the experimental documenta-

tion. All other model parameters were applied in default configuration. A short descrip-

tion of FDS model physics is found in the NIST report on Benchmark Exercise No. 4 

calculations (Appendix A). 
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Fig. G 2-1  Model geometry in FDS with fine grid area inside the compartment  

All measured quantities at given locations were saved in 10 s intervals. Within the 

FDS4 calculations the “thermocouple” model option was logged in addition to the gas 

temperature values. With this option the model simulates an additional heating of a 

virtual thermocouple due to thermal radiation in order to make numerical values and 

observations more comparable. All figures in the following section use the gas tem-

perature as a standard for comparison. The use of thermocouple option data for analy-

sis is indicated.  
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G3 Comparison with Measurements 

G3.1 Heat Release 

Actual heat release rates differ from the heat release rate obtained from the prescribed 

pool mass loss data. Fig G3-1 shows all heat release rates calculated with different 

model configurations. Only the model version and the way of resolving the experimen-

tal geometry have been changed, respectively. 
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Fig. G 3-1 Heat release rates of all FDS3 and FDS 4 calculations (Test 3) 

Depending on the model configuration not all released fuel is burnt immediately or in 

some cases it is only partly burnt. Especially the mass release peak does not follow by 

the sharp rise of heat release due to the under-ventilated conditions in Test 3. A dis-

cussion of the differences between all calculations is found in the following sections. 

G3.2 FDS3: Variation of Model Resolution 

Both calculations with FDS3 use exactly the same set of parameters except for the grid 

resolution. Fig G3-2 compares simulated and measured gas temperatures in different 

areas (front room, plume and back room area). Temperatures are generally slightly 

under-estimated by the model for most of the experiment. The temperature peak ap-
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pears too early compared to measurement which is partly due to the mass loss rate of 

the benchmark specification. A different (smoothed) interpolation of the questionable 

weight scale data in former calculations resulted in a better agreement of the tempera-

ture evolution. However, peak temperatures were also under-estimated in that case. 

Lowest deviations are found in the front room area whereas larger differences occur in 

the back room area where the mock-up drum is located. Compared to the coarse grid 

results, the fine grid calculation shows a better agreement with peak temperatures but 

a worse performance with respect to average temperatures. No obvious increase in the 

quality of simulating temperature is observed, although this effect would be expected 

as a consequence of a better resolution of the flame area.  
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Fig. G 3-2 Gas temperatures for Test 3 calculated with FDS3 (top: coarse grid, bottom: nested fine grid) 
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Fig. G 3-3 Gas concentrations, door velocities and heat fluxes for Test 3 calculated with FDS3 (top: coarse grid, bottom: nested fine grid) 
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Gas flow into the compartment through the lower part of the compartment opening is 

simulated quite satisfactorily, whereas the FDS3 outflow out of the upper part is much 

lower than measured (Fig. G3-3). The latter deviation may be mainly attributed to the 

low resolution of the real sharp flow profile in the opening, because at least in the case 

of the coarse grid the simulation of the concentrations outside the compartment shows 

a reasonable prediction of gas exchange between the compartment and the outside.  

A possible explanation for the slightly worse overall performance of the fine grid simula-

tion may be the lack of extending the fine grid to the whole door area which is crucial 

for the evolution of the fire inside. Calculated fine grid gas flow into the compartment is 

higher than measured resulting in lower gas temperatures inside. This effect is also 

found in the evolution of oxygen concentration inside the compartment which is higher 

than observed. Due to the application of the default FDS3 definition of a temperature-

dependent lower oxygen limit (LOL) this higher fresh air flow allows a slightly higher 

heat release rate. However, the net effect on gas temperatures and surface heat fluxes 

results in higher values than coarse grid values only during the peak period of fuel 

mass release rate. 

Surface temperatures of target materials show a similar tendency as gas temperatures 

and surface heat fluxes (see Fig. G3-4). Best agreement is found in the front room area 

(aerated concrete) and coarse grid results compare better to observed temperatures 

than fine grid results. Temperatures inside the mock-up waste drum show the inade-

quacy of the chosen simplified representation as homogeneous material for this kind of 

application. 
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Fig. G 3-4 Target and waste drum temperatures calculated with FDS3 (top: coarse 

grid, bottom: nested fine grid) 

G3.3 FDS4 Calculations  

Based on the model documentation of FDS3 and FDS4 only minor differences between 

fine grid calculations with both models would be expected. No changes in model pa-

rameters including chemical reaction and material properties were made. However the 

use of the default lower oxygen limit (LOL) definition results in a difference which be-

comes obvious only after careful reading of the technical documentation /MCG 02/,/ 

MCG 05/. Fig. G3-5 shows the different definitions of the respective default definition of 

the LOL. In FDS4 the “no burn” area in under-ventilated conditions is extended to 

higher temperatures compared to the FDS3 definition. 
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Fig. G 3-5 Default LOL conditions in FDS3 (left /MCG 02/) and FDS4 (right /MCG 

05/) 

As a consequence, lower heat release rates are found in the FDS4 compared to FDS3, 

including lower gas temperatures and surface heat fluxes (Fig. G3-6). No attempt was 

made to compare both models with similar LOL definitions. Anyhow, the default LOL 

definition seems to be a major problem in under-ventilated conditions for both model 

versions. 
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Fig. G 3-6 Plume temperatures, heat fluxes, gas concentrations and door velocities 

calculated with FDS4 (nested fine grid)  

Concerning the influence of grid resolution Fig G3-1 shows less influence of this pa-

rameter on heat release rates in case of the FDS4 calculations in which is opposite to 

the FDS3 results. Similar tendencies are found with respect to gas temperatures and 

surface heat fluxes.  

Another question raised in discussions on the benchmark measurements was the influ-

ence of the lack of thermocouple shielding against radiation. The suspicion arose that 

measured gas temperature values might be flawed by intense radiation from the flame 

surface. The comparison of FDS4 gas temperatures and FDS4 virtual unshielded 

thermocouple temperatures in Fig. G3-7 shows nearly no difference. Hence, the lack of 

shielding seems to be of minor importance in this experiment.  
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Fig. G 3-7 Front gas temperatures (left) and unshielded thermocouple temperatures 

(right) calculated with FDS4 (nested fine grid) 
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G4  Conclusions 

The calculations performed with FDS3 and FDS4 do not allow a complete general as-

sessment of both models. Taking the above analysis of calculations into account as 

well as results obtained by other ICFMP members it is obvious that the choice of model 

parameters and of the model grid (which is more than simply resolution) may strongly 

affect the quality of results. Hence, the experience of the user as well as a sufficient 

amount of time for a conscientious and optimized configuration of the model setup is 

essential. 

With the chosen model setup, FDS is able to represent many features of the test 3 fire 

scenario satisfactorily. Parts of the analyzed deviations between model calculations 

and measurements may be caused by the questionable mass release rate data of the 

benchmark specification. Former attempts with FDS3 to predict the burn rate via the 

built-in evaporation model were even worse. Consequently, further work is needed to 

improve this sub-model of FDS. 

One major problem of both FDS versions seems to be the treatment of under-ventilated 

conditions via a lower oxygen limit for combustion. Lower limits might have resulted in 

a better correlation with observations. Analyzed differences between results of both 

models can mainly be attributed to the differences in default LOL definitions. 

The chosen way to increase the model resolution in the flame area did not give better 

agreement with measurements than the coarse grid simulation, as was expected. 

Hence, the FDS feature of multiple meshes which allows a fine mesh structure in “hot“ 

areas with minimized CPU needs is rather sensitive to the actual choice of mesh con-

figuration. In case of sufficient computer power an overall fine resolution should be pre-

ferred. 

The lack of shielding of thermocouples against radiation seems to have no impact with 

respect to the comparison of gas temperatures between calculations and measure-

ments.  
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H1  Discretization of the Fire Compartment in COCOSYS  

H1.1 Grid for Test 1  

A grid of 102 zones with 235 atmospheric junctions was used to model the fire com-

partment (Fig. H 1-1, Fig. H 1-2).  The compartment was divided into 9 vertical levels at 

the following elevations: 0 m, 0.36 m, 0.6 m, 1.1 m, 1.6 m, 2.6 m, 3.6 m and 4.6 m in 

order to prevent artificial flow circulations /KLE 00/. Every level is modeled by 

COCOSYS zones in the same way. The room where the combustion occurs is subdi-

vided into 13 zones (Fig. H 1-2). At lower levels, some zones are missing due to the 

geometry, e.g. in the area of the target.  

One zone is in the center above the fuel pan with the oil. Two rings of zones (4 zones 

each) surround the center zone. It is expected that in the center zone the flame and the 

hot plume occur. Further from the center the temperature will decrease. To predict this 

temperature decrease two rings of zones were used. Due to topological reasons four 

additional zones were needed to model the area above and around the target.  

The second room with the hood and the connection between the two rooms is modeled 

by one zone each. Only the part of this room, which is under the hood, is included as a 

zone in the model. The difference in the setup between the levels is that the size of 

center zone in the combustion room is growing with the height (Fig. H 1-2). The reason 

for this modification was to improve the modeling of the hot gas plume. To enable a 

counter flow the connection between the two rooms has to be modeled at least by two 

zones. To enable a better velocity field the junction was subdivided into 4 zones. 

H1.2 Grid for Test 3 

The geometry and the grid used for Test 3 are very similar to that in Test 1. The only 

difference is that the connection between the two rooms is reduced to 1 m2. To enable 

a counter flow with a reasonable velocity field again 4 vertical levels in the connection 

were defined (Fig. H 1-1). The discretization of a given level was the same as in the 

simulation of Test 1. Thus, the total number of vertical levels was increased to 11. The 

total number of zones for the simulation was 129 und the number of junctions 314.  
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Fig. H 1-1 Discretization of the fire compartment in COCOSYS - side view; 

left: Test 1; right: Test 3  

 

 

 

Fig. H 1-2 Discretization of the fire compartment in COCOSYS - view from the bottom 

(left) and from the top (right)  
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H2 Modeling Ventilation and Combustion  

The ventilation was simulated using the fan module of COCOSYS /KLE 00/. For the 

FUCHS ventilation system installed at the ceiling of the fire compartment above the fire 

in the exhaust channel, it is assumed, that the mass flow through each channel is 

equal. The volume flow rates for the fan systems are chosen as measured in the ex-

periment. 

The model in COCOSYS to predict the pyrolysis rate is not yet fully completed. There-

fore, the pyrolysis for the simulation was not calculated, but the values were achieved 

from the change of the measured weight of the pan filled with fuel. The derivative of the 

measured weight is very sensitive to measurement errors. Therefore, the derived val-

ues for the pyrolysis rate have to be smoothed. The disadvantage of this method is that 

the rate is decoupled from the conditions simulated in the area above the pan with the 

fuel.  

Usually the pyrolysis rate depends strongly on the temperature of the gas above the 

fuel surface. Decreasing the temperature should decrease the pyrolysis rate, too. Giv-

ing the measured pyrolysis rates as input parameter to the calculation leads to a de-

coupling from the simulated state. This could produce some unphysical behavior of the 

system if the pyrolysis rate does not fit to the gas state above the fuel (see chapter 

 H3.1.1).  

One additional problem was that in Test 3 the weight of the fuel was not measured cor-

rectly at least during the time period between 1100 s and 1430 s. Temporarily the 

weight of unburnt fuel increases again, which does not represents the physical phe-

nomena correctly. Thus for this period the pyrolysis rate depending on the weight loss 

of the unburnt liquid fuel has to be interpolated using the total weight loss for a relative 

long period. For Test 1, data for the pyrolysis rate was not available after approx. 

850 s. 

The combustion process of gaseous fuel is modeled by a two-step reaction including 

the gaseous species fuel (C 11.64 H25.29), CO, CO2 and H2O /ALL 05/. This simple 

mechanism is often sufficient, but under oxygen rich conditions neglecting the soot 

production and its interaction with radiation may lead to some errors.  
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Fig. H 2-1 Test 1: Measured and extrapolated weight of the pan filled with fuel  

 

Fig. H 2-2 Test 1: Original and smoothed pyrolysis rate  
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Fig. H 2-3 Test 3: Measured weight of the pan filled with fuel  

 

Fig. H 2-4 Test 3: Original and smoothed pyrolysis rate  
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Fig. H 2-5 Test 3: Measured burned fuel mass and burned fuel with the modified  

pyrolysis rate  

 

Fig. H 2-6 Test 3: Modified pyrolysis rate 
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H3 Simulation of Benchmark Exercise No. 4 Test 3  

As mentioned in Section  H1, the pyrolysis rate is set by the user to the value measured 

in the experiment. After 1100 s, problems with measurement of the weight occurred 

and no reasonable data are available. For this period a linear interpolation is imple-

mented to achieve a reasonable pyrolysis rate. This may lead to some additional er-

rors. The pyrolysis rate set as boundary condition for this simulation was set according 

to Fig. H 2-4. 

H3.1 Comparison of simulation and experimental results 

H3.1.1 Plume temperature 

In the lower part of the plume, the temperature of the gas is under-predicted for the first 

400 s (M1, Fig. H3-1). However, in the higher parts of the plume in the centre the tem-

perature is increasing more rapidly than in the experiment. After 100 s, for the highest 

measurement point in the centre (M6) the temperature is about 300 °C, but in the simu-

lation nearly 600 °C is predicted (M6, Fig. H3-6). From 400 s to 800 s the temperature 

in the lower part of the plume is predicted well (M1), but in the higher regions the tem-

perature is over-predicted by 50 - 100 °C. After 950 s the temperature in the lowest 

COCOSYS zone decreases rapidly, even the pyrolysis rate reaches its maximum. The 

reason is that all O2 in this zone is exhausted in the combustion process and not 

enough air is transported to this zone.  

The same phenomena can be found in the next higher COCOSYS zone where meas-

urement point M1 is located (M1, Fig. H3-1). Thus, the temperature in the simulation 

decreases and starts oscillating in the entire plume during this period, instead of reach-

ing a maximum. As soon as the flame self-extinguishes the system does not behave 

physically and terminates. With decreasing temperature and radiation, the pyrolysis 

rate should decrease, too; however depending only on the measured data it stays on 

the high level. In addition, with the change in the heat release the flow field also 

changes. To investigate the effect of the error in the pyrolysis rate another simulation 

was performed with a lower pyrolysis rate and no flame extinguishment (see Section 

 H4). 
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After 1300 s, both the simulated as well as the experimental temperatures decrease 

rapidly. The temperature in the simulation is too low for the middle and the upper part 

of the plume. Due to the large differences earlier in the gas state it does not make 

sense to spend too much time comparing both values. Nevertheless, it seems that the 

rate of the temperature decline is similar in experiment and in the simulation. 

H3.1.2 Temperature in the combustion room outside the plume 

In the discussion of the gas temperatures outside the hot plume (M7-M18), the atten-

tion is drawn to the first 900 s. Later, the extinction of the gas in the simulation will 

cause the major difference between calculation and experiment.  

Except the first measurement point, the temperature for all measurement points is 

over-predicted for the first 100 to 200 s (see Fig. H3-1 to Fig. H3-18). 

In the simulation, the fast growth in the temperature stops after 100 s; however in the 

experiment, the growth is weaker. At some measuring points (M7, M8, M10), a steep 

temperature increase cannot be found at all at the beginning of the experiment (Fig. 

H3-2). 

From 200 to 900 s, good agreement between experiment and simulation can be found 

for measurement point M7 (Fig. H 3-7). For the other measuring points (M8, M9, M10) 

outside the hot plume at this low level (z = 1.5 m) the temperatures are much lower 

(100 – 200 °C) in the simulation (Fig. H 3-8 to Fig. H 3-10). The good agreement for 

point M7 can be explained by the position of the hot plume. In the experiment, the 

plume is not vertical, but is inclined towards the wall on the opposite side of the con-

nection between the two rooms. In the COCOSYS simulation, no equations for the 

momentum are solved. Thus, the plume is vertical in the center of the room. Therefore, 

the point M7 is closer to the plume in the simulation than in the experiment. Thus, in 

general, the temperature in the lower part of the compartment is under-predicted by 

100 – 200 °C. However, for the measurement point M7 two errors eliminate each other.  

The predicted temperatures in the middle of the room (M11-M14; z = 3.35 m) show a 

reasonable agreement with the experimental data (Fig. H 3-11 to Fig. H 3-14). Only the 

temperature for point M12 is under-estimated. This may be explained by the different 

positions of the plume, too. 
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In the upper part of the combustion room, the temperature increase during the first 100 

to 200 s is over-predicted by several hundred degrees. Later, the temperature growth is 

slower in the simulation than in the experiment, and after 600 to 900 s the measured 

and the predicted temperatures are at the same level (Fig. H 3-15 to Fig. H 3-18). After 

900 s the combustion process is not very well predicted in the zones close to the fuel 

pan, which leads to an under-estimation of the heat release in the simulation as well as 

to a lower temperature in all other parts of the compartment. 

H3.1.3 Temperature in structures and material probes  

Comparing the temperatures in the material probes made of gasconcrete and concrete 

it can be observed that the temperature near the surface (x = 0.02 m) is under-

predicted in the simulation. This can be easily explained by the significant under-

prediction of the gas temperature in the simulation in this area.  

H3.1.4 Velocity  

COCOSYS /KLE 00/ representing a lumped parameter code is not able to predict local 

velocities. COCOSYS can only calculate the mass flow between two zones, which 

gives an average velocity of the gas flowing between the two zones. If this velocity is 

compared to a measured velocity, several problems occur.  

In general, the velocity at a measurement point inside a zone is a superposition of the 

mass flows of the connections to all neighbouring zones in COCOSYS. The velocity 

often strongly depends on the local position, for example there can be curls, in pipes a 

velocity profile will appear, etc. In addition, turbulences will lead to an oscillation in the 

measured values. Even if all mass flows to the other zones are calculated correctly, the 

predicted velocities at the zone junctions might not be the same as the measured ve-

locity at a point in the middle of a COCOSYS zone.  

The comparison between both values will give a satisfactory agreement only in case 

that the flow field is homogenous in zone and the direction corresponds to a 

COCOSYS junction. The comparison of the mass flows at zone junctions and the ex-

perimental data can only give a hint, if the predicted mass flows between the zones are 

reasonable.  
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In addition to these problems, the measured velocities sometimes do not seem to be 

realistic. Thus, only a brief comparison of the measured and the predicted velocities will 

be given. 

At the measuring points V1 and V2 in the plume large oscillations occur in the experi-

ment (Fig. H 3-24, Fig. H 3-25). As mentioned before, a quantitative comparison with the 

experiment is difficult. But at least the velocities are in the same order of magnitude. 

For the measurement point V5 at the door between the two rooms the experimental 

data show again an oscillating velocity profile. The simulation predicts a mass flow, 

which is consistent to the experimental data.  

For the second measurement point V6 at the door large deviations between the ex-

periment and the simulation results appear. In the simulation nearly no gas flows 

through this junction, but in the experiment velocities of over 5 m/s can be observed at 

the measurement point. This might be an indication that the simulated flow field does 

not match. On the other hand, it is not clear if the experimental data are correct, be-

cause even at t = 0 s a velocity of approx. 4 m/s is detected. This seems to be large, 

even if the mass flow through the two fan system, which is not zero at t = 0 s, is con-

sidered.  

H3.1.5 Gas composition  

The gas composition has been measured at the point GA1 in the combustion room. In 

the simulation the O2 concentration is lower than in the experiment for the period be-

tween 0 and 800 s (Fig. H 3-22). From 800 to 1000 s both values show a good agree-

ment. After 1000 s the O2 concentration is nearly zero in the experiment, but in the 

simulation it increases again. These discrepancies can be explained by looking at the 

O2 concentration above the fuel surface (Fig. H 3-23). 

In the simulation, the O2 concentration decreases rapidly after 900 s. From 1000 to 

1300 s it is zero in the zone above the fuel surface. The flame is extinguished in the 

lower region. Thus, the temperature decreases, and it seems that due to less light 

gases moving upwards the flow field is changed in a way that even less fresh air is 

transported to the fuel surface. This could explain, why the temperature is lower for this 

period than it was at t = 900 s.  
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As discussed earlier (Section  H1) the pyrolysis rate is derived using experimental data, 

which is not valid for this time. The extrapolated pyrolysis rate has many uncertainties. 

Here the pyrolysis rate is still increasing even when the flame is extinguished in the 

lower region and the temperature is lower. The pyrolysis rate has a very strong influ-

ence on the results. Therefore, a second simulation was performed using a lower pyro-

lysis rate for this period (see Section  H4).  

The measurement for CO and CO2 are invalid. Thus, no comparison is possible with 

the experimental data.  
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Fig. H 3-1 Test 3: Plume temperature at M1  
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Fig. H 3-2 Test 3: Plume temperature at M2  
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Fig. H 3-3 Test 3: Plume temperature at M3  
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Fig. H 3-4 Test 3: Plume temperature at M4  
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Fig. H 3-5 Test 3: Plume temperature at M5  
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Fig. H 3-6 Test 3: Plume temperature at M6  
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Fig. H 3-7 Test 3: Temperature inside fire compartment (level 1, at M7)  
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Fig. H 3-8 Test 3: Temperature inside fire compartment (level 1, at M8)  
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Fig. H 3-9 Test 3: Temperature inside fire compartment (level 1, at M9)  
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Fig. H 3-10 Test 3: Temperature inside fire compartment (level 1, at M10)  

test case 3

0 200 400 600 800 1000 1200 1400 1600 1800

time t(s)

0

200

400

600

800

1000

1200

1400

te
m

pe
ra

tu
re

 [°
C

]

F3_GAS_Z_XA
EXP. M11

 

Fig. H 3-11 Test 3: Temperature inside fire compartment (level 2, at M11)  
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Fig. H 3-12 Test 3: Temperature inside fire compartment (level 2, at M12)  
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Fig. H 3-13 Test 3: Temperature inside fire compartment (level 2, at M13)  
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Fig. H 3-14 Test 3: Temperature inside fire compartment (level 2, at M14)  
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Fig. H 3-15 Test 3: Temperature inside fire compartment (level 3, at M15)  
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Fig. H 3-16 Test 3: Temperature inside fire compartment (level 3, at M16)  
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Fig. H 3-17 Test 3: Temperature inside fire compartment (level 3, at M17)  
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Fig. H 3-18 Test 3: Temperature inside fire compartment (level 3, at M18)  
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Fig.H  3-19 Test 3: Surface temperature (M19)  
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Fig. H 3-20 Test 3: Surface temperature (M20)  
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Fig. H 3-21 Test 3: Surface temperature (M21)  
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Fig. H 3-22 Test 3: O2 concentrations at the measurement point GA1  
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Fig. H 3-23 Test 3: O2 concentrations in the COCOSYS zone above the fuel surface  
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Fig. H 3-24 Test3: Plume velocity at position V1  
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Fig. H 3-25 Test3: Plume velocity at position V2  
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Fig. H 3-26 Test3: Velocity at door position V5  
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Fig. H 3-27 Test3: Velocity at door position V6  



H - 25 

test case 3

0 200 400 600 800 1000 1200 1400 1600 1800

time t(s)

0

200

400

600

800

te
m

pe
ra

tu
re

 [°
C

]

F3_SLAB_2_M1_51
EXP. M29

 

Fig. H 3-28 Test 3: Temperature inside aerated concrete probe (M29, 0.02 m)  
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Fig. H 3-29 Test 3: Temperature inside aerated concrete probe (M28, 0.05 m)  
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Fig. H 3-30 Test 3: Temperature inside aerated concrete probe (M27, 0.08 m)  

test case 3

0 200 400 600 800 1000 1200 1400 1600 1800

time t(s)

0

100

200

300

400

500

600

te
m

pe
ra

tu
re

 [°
C

]

F3_SLAB_8_M1_51
EXP. M26

 

Fig. H 3-31 Test 3: Temperature inside aerated concrete probe (M26, 0.10 m)  
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Fig. H 3-32 Test 3: Temperature inside concrete probe (M33, 0.02 m)  
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Fig. H 3-33 Test 3: Temperature inside concrete probe (M32, 0.05 m)  
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Fig. H 3-34 Test 3: Temperature inside concrete probe (M31, 0.08 m)  
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Fig. H 3-35 Test 3: Temperature inside concrete probe (M30, 0.10 m)  
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Fig. H 3-36 Test 3: Temperature inside steel probe (M34, x = 0. 0 m)  
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Fig. H 3-37 Test 3: Temperature inside steel probe (M35, x = 0. 02 m) 
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H4 Simulation of Test 3 with a Modified Pyrolysis Rate  

The simulation of Test 3 points out that the pyrolysis rate is a very sensitive parameter 

in the calculation. Due to the high pyrolysis rate more O2 is burned in the lowest zone 

than new fresh air is transported to this zone after 900 s. The flame extinguishes and 

even less O2 reaches this zone due to the modified flow field. The aim of this calcula-

tion is to investigate, if better results can be received, if the pyrolysis rate is reduced in 

order to prevent the extinction of the flame.  

For the first 900 s the measured fuel weight seems to be realistic, thus the pyrolysis 

rate does not need to be changed for this period. The measured temperatures show 

that the combustion process is nearly finished after 1300 s. Hence, the pyrolysis rate 

has to be very low during this period. With these boundary conditions it was not possi-

ble to find a realistic pyrolysis rate, which does not extinguish the flame and which inte-

grally leads to the total mass burned in the experiment. The total mass of the burned 

fuel is an item, which can be measured with a small error, even if problems with the 

adjustment of weight occur during the experiment. Thus, it is problematic not to use the 

measured value in the simulation. Therefore, this calculation is not used as a result of 

Benchmark Exercise No. 4. Nevertheless, the simulation may provide a better under-

standing of the problems in the simulation in Section  H3.  

In addition to an error in the simulation of the mass flow between the zones leading to 

an under-estimation of the O2 concentration in the lower zones, there might be also a 

problem with the chemical mechanism. For oxygen rich conditions, the assumption that 

all fuel is oxidized to CO and later, if possible, to CO2 is not sufficient. In fact, a lot of 

soot is produced. The soot production will influence the oxygen removed during the 

combustion in a zone. In addition, the heat release will be different and soot can absorb 

radiation. All this will affect the temperature and due to buoyancy the gas velocity as 

well.   

The nodalization is the same as it was in first simulation (see Section  H3). The bound-

ary conditions are the same for the first 900 s. Therefore, in the discussion only the 

later phase will be taken into account.   

With the reduced pyrolysis rate, no flame extinguishing occurs in the zones near the 

fuel surface. Thus, the temperature of this simulation is higher than in that with the 

original pyrolysis rate. It could not be expected to predict the exact amplitude and 
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shape of the temperature profile for the time period from 1100 s to 1300 s. The pre-

dicted temperature is too low, which is reasonable considering the smaller pyrolysis 

rate.  

With the modified pyrolysis rate the temperature stratification is not satisfactorily pre-

dicted. At a lower elevation, the temperature is still under-predicted in the simulation 

and the temperature increase for the first 100 to 200 s is over-estimated.  
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Fig.  4-1 Test 3 mod: Plume temperature at M1  
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Fig. H 4-2 Test 3 mod: Plume temperature at M2  
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Fig.  4-3 Test 3 mod: Plume temperature at M3  
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Fig.  4-4 Test 3 mod: Plume temperature at M4  
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Fig.  4-5 Test 3 mod: Plume temperature at M5  
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Fig. H 4-6 Test 3 mod: Plume temperature at M6  
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Fig. H 4-7 Test 3 mod: Temperature inside fire compartment (level 1, at M7)  
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Fig. H 4-8 Test 3 mod: Temperature inside fire compartment (level 1, at M8)  
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Fig. H 4-9 Test 3 mod: Temperature inside fire compartment (level 1, at M9)  
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Fig. H 4-10 Test 3 mod: Temperature inside fire compartment (level 1, at M10)  
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Fig. H 4-11 Test 3 mod: Temperature inside fire compartment (level 2, at M11)  
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Fig. H 4-12 Test 3 mod: Temperature inside fire compartment (level 2, at M12)  
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Fig. H 4-13 Test 3 mod: Temperature inside fire compartment (level 2, at M13)  
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Fig. H 4-14 Test 3 mod: Temperature inside fire compartment (level 2, at M14)  
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Fig. H 4-15 Test 3 mod: Temperature inside fire compartment (level 3, at M15)  
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Fig. H 4-16 Test 3 mod: Temperature inside fire compartment (level 3, at M16)  

test case 3

0 200 400 600 800 1000 1200 1400 1600 1800

time t(s)

0

200

400

600

800

1000

1200

1400

te
m

pe
ra

tu
re

 [°
C

]

F3_GAS_Z_J
EXP. M17

 

Fig. H 4-17 Test 3 mod: Temperature inside fire compartment (level 3, at M17)  



H - 41 

test case 3

0 200 400 600 800 1000 1200 1400 1600 1800

time t(s)

0

200

400

600

800

1000

1200

1400
te

m
pe

ra
tu

re
 [°

C
]

F3_GAS_Z_FB
EXP. M18

 

Fig. H 4-18 Test 3 mod: Temperature inside fire compartment (level 3, at M18)  
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Fig. H 4-19 Test 3 mod: O2 concentrations in the COCOSYS zone above the fuel sur-

face  
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Fig. H 4-20 Test 3 mod: O2 concentrations at GA1  
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H5 Simulation of Test 1  

H5.1 Geometry and pyrolysis rate 

Using the same models as described in the previous chapters, the first experiment of 

Benchmark Exercise No. 4 was simulated by COCOSYS. The door in the first experi-

ment is opened completely; it has a height of 3 m (0.6 - 3.6 m). This is the only change 

in the geometry. Other differences are the mass flows through the fans. Because of 

these changes, a different pyrolysis rate is determined by the measured fuel weight.  

After approx. 850 s the weight measurement was defect and the pyrolysis rate has to 

be extrapolated (Fig. H 2-2). This will cause additional uncertainties to the simulation, 

because the results are very sensitive to the pyrolysis rate as shown in Sections  H3 

and  H4.  

H5.2 Comparison between experiment and simulation  

H5.2.1 Gas temperature  

The plume temperature increases earlier as in the experiment at the measurement 

points (M1-M6, see Fig. H5-1). In the experiment it took about 180 s until a more rapid 

temperature increase was measured, while in the simulation this temperature increase 

is simulated at 100 s, predicting a less rapid increase.  

After 200 s the temperature is over-predicted at all measurement points in the plume by 

100 - 200 °C (M1-M6, Fig. H 5-1 to Fig. H 5-6). After 1350 s there is a rapid temperature 

decrease in the simulation, but in the simulation the temperature is growing until 1400 s 

and later the temperature decreases more slowly. An explanation for this is the pyroly-

sis rate assumed. The values were extrapolated. In Test 3 the pyrolysis rate did not 

become zero immediately, there were several hundreds of seconds with a small rate, 

maybe in Test 1 something similar happened. It is possible to change the assumed 

pyrolysis rate to overcome this problem, but due to the limited time and the large uncer-

tainties in the value this change was not performed.  
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The temperature outside the hot plume is under-estimated at a low elevation (Fig. H 5-7 

to Fig. H 5-10). For all measurement points M7-M10 (z = 1.5 m) the predicted tempera-

ture is several hundred degrees lower than in the experiment. At the measurement 

points at the level z = 3.35 m (M11-14) the temperature is more or less similar to that 

measured (Fig. H 5-11 to Fig. H 5-14). In this context, a second problem becomes obvi-

ous. In the experiment, the hot plume is not vertical. It is tilted to the wall at the oppo-

site side of the door due to the flow filed. In COCOSYS no equations for the velocity 

filed are solved, thus this effect cannot be seen. This is the reason why the tempera-

tures for points M11 and M13 are over-predicted. In the simulation, these points are 

close to the hot plume, but in the experiment, the distance to the plume is larger. On 

the top of the compartment the temperatures are over-predicted by 100 - 200 °C (Fig. 

H 5-15 to Fig. H 5-18).  

In the simulation, the mixture of the gas is not simulated correctly. In the calculation, 

none of the hot gas mixes with the cold gas at the lower elevations. It moves due to 

buoyancy effects upwards and gathers at the top of the room. It leaves the room via the 

FUCHS fan system or through the upper part of the door.  

H5.3 Flow field  

As discussed before, it is problematic to compare the velocities at some points in the 

experiment with the velocities calculated from the mass flow between two zones. Nev-

ertheless, if these velocities are compared for the two points V1 and V2 in the plume 

the velocities fit quiet well (Fig. H 5-24, Fig. H 5-25).  

The velocities measured at the door between the two rooms show a qualitative good 

agreement, too (Fig. H 5-26 to Fig. H 5-30). In both cases, hot gases flow out of the 

combustion room and gas flows into the room at the bottom of the connection. The 

velocities are in the same order, only for the point V6 the calculated velocity is half of 

that measured in the experiment. However, for V6 even at the beginning (t = 0 s) a gas 

velocity of nearly - 4 m/s can be found. It is therefore not clear if there is an error in the 

experimental data for this measuring point.  
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H5.4 Gas composition  

The gas composition was measured at the point GA1 in the combustion room. In the 

experiment, the O2 concentration was significantly higher than in the simulation (Fig. 

H 5-22). Accordingly, the CO and the CO2 concentrations predicted in the simulation are 

too high. An explanation could be that the chemical reaction mechanism is not valid, or, 

which is more likely, that there is a problem with the simulation of the mixing between 

burned and not burned gas.  

H5.5 Surface temperatures  

As there is a problem with the prediction of the temperature, particularly in the lower 

part of the combustion room, it could not be expected to find an agreement with the 

measured wall and material probe temperatures. According to the much lower gas 

temperatures, the surface temperatures are significantly under-estimated, also (Fig. 

H 5-19 to Fig. H 5-21).  
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Fig. H 5-1 Test 1: Plume temperature at M1  
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Fig. H 5-2 Test 1: Plume temperature at M2  
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Fig. H 5-3 Test 1: Plume temperature at M3  
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Fig. H 5-4 Test 1: Plume temperature at M4  
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Fig. H 5-5 Test 1: Plume temperature at M5  
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Fig. H 5-6 Test 1: Plume temperature at M6  
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Fig. H 5-7 Test 1: Temperature inside fire compartment (level 1, at M7)  
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Fig. H 5-8 Test 1: Temperature inside fire compartment (level 1, at M8)  
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Fig. H 5-9 Test 1: Temperature inside fire compartment (level 1, at M9)  
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Fig. H 5-10  Test 1: Temperature inside fire compartment (level 1, at M10)  
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Fig. H 5-11 Test 1: Temperature inside fire compartment (level 2, at M11)  
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Fig. H 5-12 Test 1: Temperature inside fire compartment (level 2, at M12)  
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Fig. H 5-13 Test 1: Temperature inside fire compartment (level 2, at M13)  
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Fig. H 5-14 Test 1: Temperature inside fire compartment (level 2, at M14)  
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Fig. H 5-15 Test 1: Temperature inside fire compartment (level 3, at M15)  
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Fig. H 5-16 Test 1: Temperature inside fire compartment (level 3, at M16)  
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Fig. H 5-17 Test 1: Temperature inside fire compartment (level 3, at M17)  
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Fig. H 5-18 Test 1: Temperature inside fire compartment (level 3, at M18)  
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Fig. H 5-19 Test 1: Surface temperature at M19  
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Fig. H 5-20 Test 1: Surface temperature at M20  
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Fig. H 5-21 Test 1: Surface temperature at M21  
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Fig. H 5-22 Test 1: O2 concentrations at the measurement point GA1  
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Fig. H 5-23 Test 1: CO2 concentrations at the measurement point GA1  
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Fig. H 5-24 Test 1: Plume velocity at V1  

test 1

0 200 400 600 800 1000 1200 1400 1600 1800

time t(s)

−10

−5

0

5

10

V
el

o 
[m

/s
]

F3_A175
Exp. vel. V2

 

Fig. H 5-25 Test 1: Plume velocity at V2  
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Fig. H 5-26 Test 1: Velocity at door position V3  
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Fig. H 5-27 Test 1: Velocity at door position V4  
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Fig. H 5-28 Test 1: Velocity at door position V5  
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Fig. H 5-29 Test 1: Velocity at door position V6  
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Fig. H 5-30 Test 1: Velocity at door position V7  
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H6 Summary  

Two COCOSYS calculations simulating Test 1 and test 3 of Benchmark exercise No. 4 

have been performed. In both cases the stratification was over-predicted. The tempera-

tures in the fire compartment were significantly under-estimated outside the hot plume 

at the lower elevations. At higher elevations, the temperatures were over-estimated, 

but the agreement was better. Increasing the COCOSYS zones at the plume in the 

center of the compartment with increasing level did not improve the results of simula-

tion significantly.  

The investigations show that the pyrolysis rate is a very sensitive parameter. In the 

simulations for both Test 1 and Test 3 this was one weak point, because the experi-

mental data were insufficient, due to measurement errors. This emphasizes that a reli-

able modeling of the pyrolysis rate is needed not using experimental data. Due to the 

large deviations in the gas temperatures, no specific comparison of heat fluxes into the 

walls and material probes was possible.  
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I1 Introduction  

As part of the International Collaborative Fire Modeling Project (ICFMP), a series of 

large-scale experiments were conducted to simulate single compartment fires in 

nuclear power plants (NPPs). The main purpose of the series of experiments was to 

provide data for an international benchmarking exercise to validate and assess fire 

codes over a range of conditions relevant to NPP fires. The fire size and location, type 

of fuel, natural and forced ventilation, were varied to provide data sets for code 

assessment and validation. Organizations from Germany, France, UK, and USA 

participated in the benchmarking exercise. This report documents the results of 

simulations of one of these experiments (Benchmark Exercise No. 4, Test 3) performed 

with the Sandia National Laboratories Vulcan fire code.  
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I2 Fire Code  

The Sandia Vulcan fire code /TIE 96/ was used for the simulation of ICFMP Benchmark 

Exercise No. 4, Test 3. Vulcan is derived from the Kameleon Fire code /HOL 90/ and 

models the transport and burning of vaporized fuel, as well as the transport of 

combustion by-products and their thermal impact on targets. Conservation equations 

are solved for mass, species, momentum, energy (enthalpy), turbulence quantities, and 

radiation intensity. Convective and radiative heat transfer to targets is included in the 

code, as well as the subsequent thermal response of the targets.  

Vulcan contains the following sub-models (algorithms):  

• A fuel vaporization sub-model for the estimation of the rate at which fuel is 

transferred to the vapor phase from the liquid phase (for liquid fuels). This model 

uses the code-calculated incident heat flux to the fuel to determine the vaporization 

rate.  

• A k-ε turbulence model /JON 72/ to mix the vaporized fuel with air and combustion 

products as a function of the local turbulence levels. A buoyant vorticity generation 

(BVG) variant of the k-ε turbulence model is also available /NIC 05/, and was used 

in one of the simulations.  

• A combustion model to determine the amount of fuel that is combusted. The Eddy 

Dissipation Concept (EDC) combustion model /MAG 81/ is used. The EDC is a 

general concept for describing the interaction between the turbulence and the 

chemistry in flames. The combustion process is assumed to occur in the turbulent 

fine structures (vortex tubes), which are modeled as perfectly stirred reactors. 

Reactions are modeled as either 1-step or 2-step reactions, with irreversible, 

infinitely fast chemistry (relative to the mixing process). Local extinction is 

calculated based on comparison of the mixing and chemical time scales.  

• A soot generation and transport model. Soot is treated as a trace species in the 

problem, and a transport equation is solved to determine its local variation with 

time. Soot production and combustion are modeled according to the work of 

Magnusson and Hjertager /MAG 77/, which is based on the work of Tesner, et al. 

/TES 71/, utilizing a two-step formation process. The first step treats the formation 

of radical nuclei, and the second step treats the formation of soot particles from the 

radical nuclei. The combustion (oxidation) of soot is also modeled.  
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• Thermal radiation heat transfer. The Discrete Transfer Method (DTM) of Shah and 

Lockwood /SHA 79/) is employed to solve the thermal radiation. Combustion 

products modeled include soot, CO2 and H2O. The soot and combustion gases are 

treated as a gray gas with an effective absorption and emission coefficient based 

on the local concentrations and temperature. The DTM is a ray tracing technique.  

• Convective heat transfer and wall shear stresses are modeled using the wall 

function approach /LAU 74/.  

• Object thermal response. A one dimensional conduction calculation is used to 

determine object thermal response (temperature) as a function of the incident 

radiative and convective heat fluxes.  

• A liquid fuel spread model is included in the code, based on lubrication theory.  

• Decomposition and combustion of solid materials is modeled.  

Vulcan uses an extension of the SIMPLEC method of Patankar and Spalding, 1972 

/PAT 72/, to solve the conservation equations using a control volume formulation. A 

structured three-dimensional Cartesian grid is used. First- and second-order accurate 

upwind schemes can be used for the convective terms. A temporally-filtered Navier-

Stokes method (quasi-LES method) is also available in the code /TIE 05/, but was not 

used for any of the simulations in this report.  
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I3 The ICFMP Process  

The approach taken in the ICFMP was to ask the participants to perform a 'blind' 

calculation in which the ventilation flow rates were specified (but not the pool mass loss 

rate). A second round of simulations was conducted (semi-blind) in which the mass 

loss rate was also specified, but the other experimental results were not yet released. 

Finally, a round of 'open' simulations was conducted in which all of the experimental 

results were made available.  

Sandia was invited to join the ICFMP at a late stage of the program. Consequently, the 

Vulcan simulations discussed in this report were conducted after the release of the 

experimental results, so they are best assessed against the 'open' round results of the 

other participants. However, no attempt was made in the present simulations to adjust 

any of the parameters to obtain a better solution. The results shown are what were 

obtained using 'best estimates' for the inputs based on the author's experience in 

applying Vulcan to a number of problems, and based on assumptions that had to be 

made where the experimental details were not clearly specified. Adjusting parameters 

may have improved the agreement, but that was not the intention of this work.  
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I4 Fire Code Inputs and Assumptions  

The problem specification is given in the Panel report itself (Test 3 of Benchmark 

Exercise No. 4). The problem consists of a 1 m2 hydrocarbon pool fire in a 

compartment that is naturally ventilated via a doorway and 2 exhaust ducts in the 

ceiling. The compartment measures 3.6 m wide by 3.6 m long by 5.7 m high. An 

exhaust hood was located outside the room doorway. A wire frame model of the fire 

room itself is shown in Fig. I1. The geometry used in the simulation, including the hood, 

is shown with the walls removed for clarity in Fig. I2.  

A non-uniform grid of 38 x 55 x 46 (y direction is from the front door to the back of 

room) control volumes was used for the majority of simulations (Fig. I3), and was 

developed based on previous modeling experience. Additionally, a refined mesh 

simulation was performed using 74 x 104 x 84 control volumes (essentially dividing the 

physical length of each control volume side by a factor of 2). This yielded a control 

volume length scale of order 0.07 – 0.15 m in the x and y directions. The control 

volumes in the z direction were somewhat larger in the upper regions of the room, 

where gradients were expected to be small.  

The computational domain was taken as the fire room plus some reservoir space 

outside of the fire room. Some of the simulations included modeling of the hood located 

outside the door of the fire room. The computational domain spanned the following 

dimensions:  

 0 < x < 3.6 m  

 -4.3 < y < 3.6 m  

 0 < z < 6.735 m  

Note that y=0 corresponds to the doorway, and y=3.6 m corresponds to the back wall 

of the fire room. Roughly 4 m of reservoir space outside of the fire room was included 

in the computational domain.  

The k-ε turbulence model implementation requires a maximum turbulence length scale. 

This was set to the room dimension in x and y, or 3.6 m.  
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The fuel composition was specified as C11.64H25.29 per the experimental description. 

Based on the composition, the boiling temperature and heat of gasification were 

assumed to be approximately halfway between that of n-dodecane and n-undecane. 

These were taken from the SFPE Fire Protection Handbook /SFP 88/. The values used 

as inputs were: 

 T boil = 480 K (207 C)  

 Δhfg = 300,000 J/kg  

For some simulations, the measured fuel evaporation rate was specified for the code. 

For other simulations, the fuel evaporation rate was calculated by the code based on 

the thermal response of the fuel. 

The chemical reaction was modeled as a 2-step reaction with production of 

intermediate species. In the first step of the chemical reaction, the fuel is assumed to 

combust to form carbon monoxide and hydrogen. The second step of the reaction 

converts the intermediate species to water vapor and carbon dioxide. 

A chemical time scale of 7 x 10-5 s was specified for the reaction. The heat of 

combustion was taken to be ΔHc = - 4.28x107 J/kg of fuel consumed. The fuel was 

assumed to be ignited at time equal to zero. 

The velocity of the ventilation flow through the ceiling ducts was specified for the code. 

For the simulations that included modeling of the external hood, the experimentally 

measured velocity of the flow through the hood was specified for the code. 

The thermal radiation was calculated using 24 rays per wall point (4 x 6 rays), with rays 

focused on targets of interest. Thermal radiation was updated every time step of the 

simulation. 

The temperature of the surroundings (reservoir) was assumed to be 291.6 K. The initial 

temperatures were as given in the experiment report. 

Virtual thermocouples were included in the simulation. These enable estimates to be 

made of the reading a thermocouple would yield in the predicted environment. The 

properties assumed for the virtual thermocouples were: length = 1 cm; bead diameter 
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=3 mm; density = 5000 kg/m3; specific heat = 500 J/kgK; thermal conductivity = 1 

W/mK; and an absorption coefficient = 0.9. 

The numerical time step used was roughly 0.01 s, and a maximum Courant number of 

1.0 was used for the simulations. The SIMPLEC algorithm was used, with a tri-diagonal 

matrix solver for solution of the transport equations. The pressure correction equation 

was solved using a Stone solver. The maximum number of iterations on the energy and 

species equations was 5. The maximum number of iterations on the pressure 

correction equation was 500. The maximum number of iterations on the other 

equations was set to 5. The linear solver convergence criterion was set to 1 x 10-4. A 

second order upwind scheme was used (weighted 90% to 2nd order with 10% to first 

order). Picard looping was not used. 

The run times were around 4 - 6 days on a single processor Linux workstation, with the 

exception of the refined mesh simulation. The table below lists the simulations that 

were performed.  

Table 1 VULCAN simulations  

List of simulations 
performed with Vulcan 

Fuel mass loss rate Turbulence model Grid 

Calculated mdot (coarse) calculated k-ε coarse 

Calculated mdot (fine) calculated k-ε fine 

Specified mdot specified k-ε coarse 

BVG specified BVG coarse 
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I5 Comments on Experimental Data  

Before proceeding with the results of the code, it is appropriate to comment on the 

experimental data and problem description. Fire codes have many different 

inputs/parameters that can be adjusted. When specifying a problem for code validation, 

it is generally accepted that the less uncertainty associated with the inputs, boundary 

conditions, and assumptions a user must make to model the problem, the better one 

can ascertain the ability of the code to predict the experiment. The ICFMP deviated 

from this philosophy, since they had a desire to also get a sense for the differences in 

results one could expect when the inputs, boundary conditions, and assumptions are 

not well-defined (as would be the situation when modeling a real NPP). This approach, 

while understandable, does not lead to a true test of a code's capability. When the 

inputs, boundary conditions, and assumptions that need to be applied are not well-

quantified, a user must make assumptions for particular inputs and boundary 

conditions. The different assumptions a modeler can make can lead to a variety of 

answers. These degrees of freedom make it impossible to make a meaningful 

comparison between codes (or even between code and experiment), as the modelers 

are essentially specifying 'different' problem statements based on their particular set of 

assumptions. 

Information given regarding the fan and hood ventilation ducts was a bit unclear. An 

assumption was made (in these simulations) that the specified velocity for the fan 

system was actually too high by a factor of 2, if one simulates both of the exhaust 

outlets. This assumption was made to correct what appears to be an inconsistency 

between the specified volumetric flow rate and specified velocity through the ventilation 

ducts. The experimentalists later concurred that this assumption was in fact correct. It 

should be noted that discussions with several ICFMP participants were necessary to 

clarify the experimental setup and pertinent choices for some code inputs.  

Other important features were also not well-characterized. The location of leakage 

(relative to the location of the oxygen sensor) is very important for prediction of oxygen 

levels and flame location in an under-ventilated fire, and this input was not specified. It 

was assumed for all of the present simulations that the leakage location was near the 

floor in both side walls of the compartment.  

Heat transfer to the back side of each of the 3 targets was similarly poorly 

characterized, as were the target surface properties. Liquid fuel heat of vaporization 
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was not well known. All of these contribute in adding uncertainty as to exactly what 

problem inputs should be specified in order to model the experiment. However, as 

noted above, this philosophy was partly intentional on the part of the ICFMP, and 

should be understood in the context of the goals of the ICFMP.  
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I6 Results  

As shown in the previous table, four simulations were performed. One simulation 

specified only the ventilation flows through the ducts and hood (the mass loss rate from 

the fuel pool was calculated by the code). A refined mesh simulation of this case was 

also performed to explore grid resolution effects. Another simulation specified the mass 

loss rate of the fuel pool in addition to the ventilation flows through the ducts and hood. 

Finally, a simulation with specified pool mass loss rate and specified ventilation was 

performed using a buoyant vorticity generation model (BVG) modification to the 

standard k-ε turbulence model. 

I6.1 Simulation with mass loss rate prediction  

A simulation was performed in which the experimentally measured mass loss rate was 

directly calculated based on the thermal response of the fuel pool. The experimentally 

measured ventilation duct and hood flows were specified as input data to the 

calculations. However, the specified velocities for the ventilation ducts were divided by 

a factor of two, as there appeared to be some discrepancy (see above discussion) 

between the reported volumetric flow rates and duct velocities. This same ventilation 

rate was specified for all of the simulations presented in this report.  

I6.1.1 Mass loss rate and oxygen fraction  

The predicted mass loss rate is compared to the data in Fig. I4. The simulation results 

are highly transient, and make it difficult to make a direct comparison. In order to 

facilitate direct comparisons to the data, the results are time-smoothed using a 10 

second interval for computing a 'running-average'. This smoothing technique is used 

for the majority of results that are presented in order to facilitate direct comparisons to 

the data. The smoothed mass loss rate results are shown in Fig. I5. The predicted 

mass loss rate tracks the experimental data quite well for the first 500 seconds. The 

prediction begins to depart from the data about 500 seconds after ignition, returns to 

the data at about 650 seconds, and then departs from the data again at 850 seconds. 

After this time, there is a large difference in the prediction and experimentally observed 

results. However, for the first 900 seconds of the transient, the predicted and 

experimental mass loss rates are in good agreement, indicating that reasonable CFD 
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prediction of mass loss rate in under-ventilated fires is achievable. This result is 

especially encouraging considering the uncertainty in the fuel properties, since it was a 

mixture of different components. 

To assist in understanding the behavior of the mass loss rate prediction, it is instructive 

to consider the local oxygen prediction shown in Fig. I6. The local oxygen 

(measurement location GA1) was measured at a single location 3.8 m above the floor 

(and located near the wall with the 3 targets). The predicted local oxygen fraction (note: 

at the single measurement location) drops to zero around 550 seconds after ignition, as 

compared to 1100 seconds in the data. Based on the behavior of the mass loss rate 

and local oxygen predictions, it can be inferred that ventilation-limited burning begins 

around a time of 620 seconds in the simulation, compared to a time of 1100 seconds in 

the data.  

It is inconsistent that the experimental results indicate that substantial oxygen returns 

to the compartment at 1400 seconds, but the mass loss rate remains at a very low rate 

over the last 300 seconds of the experiment (from 1400 to 1700 seconds). The very 

sharp spike in the experimental mass loss rate would appear to result from more than 

just the heat up of the compartment with time. It could also be attributed somewhat to 

greater exposure of the fuel pan as the fuel level drops, and the effects of a multi-

component fuel with different properties for each component. However, neither of these 

phenomena should produce such a large (seemingly non-physical) increase in mass 

loss rate as observed in the experiment. While Vulcan does account for the effect of 

room heat up, it does not account for either of these other two phenomena, which could 

be the reason that the sharp spike in mass loss rate is not reproduced in the simulation 

results, although the credibility of the experimentally observed spike appears 

questionable. 

Regarding the predicted versus experimental oxygen fractions, one possible reason for 

the observed discrepancy is that the numerical simulation assumes that all the walls 

are perfectly leak-proof (with the exception of the leakage area suggested in the 

experiment report). Increased leakage area above that specified would explain this 

discrepancy. It should also be noted that the oxygen measurement was a point 

measurement. The specified leakage was assumed (in the numerical simulation) to be 

at floor level. If the actual leakage were located near the measurement point, it could 

easily explain this discrepancy, even without assuming an increased leakage area 

beyond that specified. However, based on the overall behavior of the mass loss rate, 
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the location of the leakage does not appear to be a big factor. Another possibility is that 

the velocity specification assumed for the ventilation ducts was incorrect (see 

discussion above regarding this). Other possible reasons for the discrepancy could be 

that the flow through the doorway is under-resolved, or that the combustion model is 

over-predicting the burning rate (given the mass loss rate). Based on the author's 

experience with Vulcan, neither of these last two possibilities would yield a discrepancy 

as large as observed in the present case. Therefore, the reason for the discrepancy is 

believed to be due to an underestimate of the amount of leakage into the compartment, 

or an incorrect specification of the ventilation duct velocity.  

I6.1.2 Doorway velocities  

The doorway velocities are shown in Fig. I7. Predicted velocities in the lower doorway 

(~ 1 m/s) are about half of the measured values (~ 2 m/s) before oxygen depletion 

occurs, and then are in good agreement with the data during the post-depletion period. 

These lower velocities would contribute to the predicted early depletion of oxygen, and 

may explain the large differences observed in oxygen concentration. The predicted 

velocities in the upper doorway (0 - 2 m/s out of the room) significantly under-predict 

the data (5 - 10 m out of the room). This could result from the under resolution of the 

doorway (i.e., the mesh is too coarse), but the fine mesh results suggest otherwise.  

I6.1.3 Thermocouple temperatures  

The measured thermocouple temperatures were compared to the predicted 

thermocouple temperatures obtained via the virtual thermocouple model. For fires of 

this type (under-ventilated), the presence of hot combustion products throughout the 

fire room tends to equilibrate the temperature field, such that large differences between 

thermocouple temperatures and actual gas temperatures would not be expected (apart 

from the initial lag in the measurements). This was indeed the case when the numerical 

predictions for gas temperatures were compared to the predictions for thermocouple 

temperatures (i.e., there was very little difference, other than some lag in the predicted 

virtual thermocouple results relative to the predicted gas temperatures). Therefore, only 

virtual thermocouple temperatures (and not gas temperatures) are presented in this 

report. 
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The temperature comparisons can be considered for two periods of time: pre-oxygen 

depletion and post-oxygen depletion. For the post-oxygen depletion period, the 

predictions all under-predict the data. The temperatures directly above the fuel pool 

(i.e., the plume temperatures) are shown in Fig. I8 at 3 elevations. The predicted 

temperature at M1 (low above the pool, at z = 1 m) under predicts the data initially (by 

about 300 C), and then is in good agreement with the data near the point of oxygen 

depletion. This under-prediction is typical low in the plume, and results from an under-

prediction of the turbulence. This is somewhat a consequence of using a standard k-ε 

model (although it is readily observed in LES models, as well), since they are based 

only on shear-generated turbulence, whereas buoyancy-generated turbulence is also 

important near the base of a pool fire. Beyond the point of oxygen depletion, the 

predicted temperature shows the same trends as the data, but is lower by about 200 C. 

The predicted temperatures directly above the fuel pool at M3 (elevation of 2.4 m 

above the pool) are in very good agreement with the measured thermocouple data up 

to the point of oxygen depletion. Beyond that point, the predictions are lower by about 

100 K. The predicted temperatures at M6 (5.2 m above the pool) are slightly higher 

than the data initially (by 50-100 C), and then under predict the data after oxygen 

depletion occurs. 

The temperatures in the front of the room are shown in Fig. I9. For the pre-depletion 

period, the correct trends are reproduced (the virtual thermocouple model at higher 

elevations predicts higher temperatures). However, all of the predicted temperatures 

are greater than the measured values (within 200 C). A similar result is observed for 

the temperatures in the back of the room, as seen in Fig. I10. However, here the 

predictions exceed the measurements by a greater amount (as much as 400 C). This 

could result from the predicted flame being tilted more toward the back of the room 

than occurred in the experiment. 

I6.1.4 Target heat fluxes and temperatures  

One of the target heat flux gauges was mounted on a sidewall. As shown in Fig. I11, 

the measured heat flux to the gauge during the pre-depletion period is reproduced very 



I - 17 

well (within 5 kW/m2) by the simulation1. Following depletion of the oxygen, the 

agreement between experiment and simulation is not as good (as expected, given the 

different burning conditions). Similarly, as shown in Fig. I12, the heat fluxes to the 3 

targets slabs are also very well reproduced during the pre-depletion period (within 10 

kW/m2), with considerable disagreement with the data following depletion. The surface 

temperatures of the target slabs are shown in Fig. I13, and the predictions are within 

100 C before oxygen depletion occurs. Discrepancies can be attributed to a lack of 

knowledge of the surface properties of the material targets, back side heating effects, 

and perhaps temperature-dependent thermal properties of the materials. The influence 

of the temperature 'probe' on the target (not included in the code) may also be 

significant near the target surface, affecting the thermal response.  

One of the target heat flux gauges was mounted on a sidewall. As shown in Fig. I11, 

the measured heat flux to the gauge during the pre-depletion period is reproduced very 

well (within 5 kW/m2) by the simulation2. Following depletion of the oxygen, the 

agreement between experiment and simulation is not as good (as expected, given the 

different burning conditions). Similarly, as shown in Fig. I12, the heat fluxes to the 3 

targets slabs are also very well reproduced during the pre-depletion period (within 10 

kW/m2), with considerable disagreement with the data following depletion. The surface 

temperatures of the target slabs are shown in Fig. I13, and the predictions are within 

100 C before oxygen depletion occurs. Discrepancies can be attributed to a lack of 

knowledge of the surface properties of the material targets, back side heating effects, 

and perhaps temperature-dependent thermal properties of the materials. The influence 

of the temperature 'probe' on the target (not included in the code) may also be 

significant near the target surface, affecting the thermal response.  

I6.2 Refined mesh results 

In order to assess the effect of grid resolution on the results, a simulation was 

performed with a fine mesh for the case with calculated mass loss rate from the pool. 

                                                 

1 The heat flux results from the simulation were computed using a running average over a 10 second time 
period, in order to smooth out shorter frequency temporal variations.  

2 The heat flux results from the simulation were computed using a running average over a 10 second time 
period, in order to smooth out shorter frequency temporal variations. 
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The simulation was carried out for about 1000 s. Fig. I14 shows the calculated mass 

loss rate versus the experimental data. There is an initial discrepancy between 

simulation and experiment, as a result of the fact that Vulcan injects fuel initially in 

order to get the combustion process started above a pool. The mass loss rate results 

quickly approach the experimental data following the initial ignition process, and follow 

the data reasonably closely until about 800 seconds, when the experimentally 

determined mass loss rate begins to increase significantly. The fine mesh results are 

quite close to the coarse mesh results for mass loss rate. 

The oxygen percentage in the fire room at the single measurement location is shown in 

Fig. I15 for the fine mesh and for the experiment. The oxygen depletion for the fine 

mesh simulation occurs at about the same rate as for the coarse mesh (see Fig. I6). 

A comparison of the doorway velocities (not shown) between the coarse and fine mesh 

results are in good agreement. This diminishes the likelihood that the doorway 

velocities were under-resolved in the coarse grid simulation. 

The plume temperatures for the fine mesh simulation are shown in Fig. I16, and are 

compared directly to the coarse mesh results. The results are basically the same as for 

the coarse mesh simulations, although there is some deviation initially in the results for 

M1 (the lowest thermocouple in the plume). 

The heat fluxes to the 3 targets for the fine mesh simulation are compared directly to 

the coarse mesh results in Fig. I17. The results are in very good agreement with each 

other for the duration of the simulations. The fine mesh results are also in good 

agreement with the experimental data (shown in Fig. I12) for times before oxygen 

depletion occurred. Fig. I18 presents the thermal response of the surface of the 3 

targets for the fine mesh simulation. Once again, the results are in good agreement 

with the coarse mesh result.  

Since heat fluxes and surface temperatures are generally regarded as the metrics of 

primary interest for fire simulations, the results of the fine mesh simulation suggest that 

the coarse mesh solutions are of adequate resolution for this problem. Therefore the 

remaining simulations were performed with the coarse mesh. 
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I6.3 Simulation with specified mass loss rate  

A simulation was performed in which the experimentally measured mass loss rate was 

specified as input to the calculations. The experimentally measured ventilation duct and 

hood flows were also specified as input data to the calculations. 

I6.3.1 Oxygen concentration  

The oxygen concentration within the fire room at the measurement location is shown in 

Fig. I19. The simulation predicts oxygen burnout in the room considerably earlier (at 

~750-850 s) than measured (at ~1100 s). Consequently, the simulation predicts the 

room will begin to refill with oxygen at an earlier time (at ~1225 s) than in the 

experiment (at ~1325 s). 

I6.3.2 Doorway velocities  

The doorway velocities are shown in Fig. I20. The experimentally measured velocities 

in the lower doorway indicate that the flow is alternately in and then out through the 

lower doorway. The predicted velocities for the lower doorway indicate that the flow is 

primarily into the room through the lower doorway, but the average value of the 

prediction is consistent with the measurements. The predicted upper doorway 

velocities are directed primarily out of the room, in agreement with the data, but the 

average values are substantially lower than the measured values.  

I6.3.3 Thermocouple temperatures  

The temperatures directly above the fuel pool are shown in Fig. I21 at 3 elevations. The 

predicted temperature at M1 (low above the pool, at z = 1 m) under predicts the data 

initially (by about 200 C), and then is in good agreement with the data at later times 

(prior to total oxygen depletion in the room). Note that due to the earlier depletion of 

oxygen in the simulations, all of the simulation results are expected to drop off earlier 

than the measurements, and this is indeed the case. The predicted temperatures 

directly above the fuel pool at M3 (elevation of 2.4 m above the pool) are in very good 

agreement with the measured thermocouple data. The predicted temperatures at M6 
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(5.2 m above the pool) over predict the data initially (by about 150 C), and then under 

predict the data (by about 100 C) before total oxygen depletion occurs. 

It is interesting to note the trends in the temperature decay as total oxygen depletion 

occurs. The temperature decay appears to be predicted quite well by the code, but 

occurs earlier in time (per the previous discussion). The temperature lower in the 

compartment (M1) decays the most rapidly, with temperatures at the higher elevations 

(M3 and M6) decaying more slowly. 

I6.3.4 Target heat fluxes and temperatures  

The heat flux results are presented in Fig. I22 for four locations. For the aerated 

concrete (WS4), concrete (WS3), and surface mounted heat flux gauge, the predictions 

show very good agreement with the data until the time when oxygen depletion occurs. 

Since oxygen depletion occurs sooner in the simulation, the predicted heat fluxes also 

decrease sooner than the measured values (as expected).  

The heat flux results for the steel probe do not show as good agreement as the results 

for the other targets. The predicted values are roughly 25 kW/m2 higher than the data. 

The reason for this could be that the predicted flame shape is stretched toward the 

back of the room to a greater degree than in the experiment. 

The target surface temperature results are presented in Fig. I23. The aerated concrete 

surface temperature predictions over predict the data by about 100 C for times less 

than the predicted oxygen depletion time. This is surprising in view of the relatively 

good agreement in heat fluxes. The Vulcan code assumes that surfaces are gray, i.e., 

that they absorb and emit thermal radiation with an absorptivity that is equal to the 

emissivity. If the absorptivity of the aerated concrete is less than the emissivity, this 

could explain the difference in the target temperature results. The concrete target 

surface temperature predictions are in good agreement with the data up to the time of 

total oxygen depletion (as expected in view of the good agreement of the heat fluxes). 

The steel target surface temperature predictions are in good agreement with the data 

up to a time of approximately 500 s, after which the predictions are lower than the data. 

The good agreement is fortuitous in view of the differences in heat flux for the steel 

target, and could result from heating of the back side of the steel plate in the 

experiments. 



I - 21 

Overall, during the pre-oxygen depletion period, the results of the simulation conducted 

with a specified mass loss rate are not significantly different than the results for the 

case with a calculated mass loss rate. This is expected since the experimental fuel 

mass loss rate is reasonably reproduced by the fuel mass loss rate model in Vulcan 

during the pre-depletion period. 

I6.4 Simulation with BVG Turbulence Model, Specified Mass Loss Rate  

Standard k-ε models include only shear-generated turbulence mechanisms. This 

results in an under-prediction of the turbulence in pool fires, since much of the 

turbulence in pool fires is generated from buoyancy (as opposed to shear). In order to 

assess the impact of including buoyancy-generated turbulence on the results, a 

simulation was performed in which the BVG turbulence model variation of the standard 

k-ε model was used. The experimentally measured mass loss rate was specified as 

input to the calculations, as were the experimentally measured ventilation duct and 

hood flows. Note that use of the BVG turbulence model in Vulcan for fire simulations is 

a standard procedure for certain types of fires, and the decision to use the BVG model 

as part of the suite of simulations was made before observing the results of the 

standard k-ε model. 

I6.4.1 Oxygen concentration  

The oxygen concentration within the fire room at the measurement location is shown in 

Fig. I24. The simulation predicts oxygen burnout in the room considerably earlier (~400 

s) than measured (~1100 s). This is also considerably earlier than predicted using the 

standard k-ε model (~750-800 s). The BVG model consumes oxygen faster than the 

standard model due to its prediction of higher turbulence levels (and hence, more 

mixing and more combustion) as a result of the inclusion of buoyancy generated 

turbulence. The reasons for the discrepancy with the data are believed to be as 

discussed previously. The simulation predicts the room will begin to refill with oxygen at 

approximately 1225 s, versus ~1325 s in the experiment.  
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I6.4.2 Doorway velocities  

The doorway velocities are shown in Fig. I25. The experimentally measured velocities 

in the lower doorway indicate that the flow is alternately in and then out through the 

lower doorway. The predicted velocities for the lower doorway indicate that the flow is 

primarily into the room through the lower doorway. The BVG lower doorway velocities 

are slightly higher on average (~ 2 m/s) than for the standard k-ε model (~ 1 m/s) over 

the first 600 seconds, and in better agreement with the data. The BVG model could 

produce higher inflow through the doorway as a result of higher combustion levels from 

enhanced turbulence (and hence fresh air pulled into the room more strongly). The 

good/reasonable agreement with measured lower doorway velocities would indicate 

that sufficient oxygen is pulled into the room through the doorway, so the reason for the 

under-prediction of oxygen concentration lies elsewhere (perhaps in the leakage). The 

predicted upper doorway velocities are directed primarily out of the room, in agreement 

with the data, but the average values are substantially lower than the measured values 

(and are about the same as for the standard k-ε model results). 

I6.4.3 Thermocouple temperatures  

The temperatures directly above the fuel pool are shown in Fig. I26 at 3 elevations. The 

predicted temperatures at all three locations are in good agreement with the data 

initially (the first ~800 seconds). Note that due to the earlier depletion of oxygen in the 

simulations, all of the simulation results are expected to drop off earlier than the 

measurements, and this is indeed the case. The BVG model predicts enhanced 

turbulence levels low in the plume (as a result of buoyant production) relative to the 

standard k-ε model, and results in more combustion and higher temperatures low in the 

plume. This results in better agreement between simulation and experimental results 

low in the plume (location M1). 

The temperatures in the front of the room are shown in Fig. I27. The correct trends are 

reproduced and the predicted temperatures are in good agreement with the measured 

values, similar to the standard k-ε model results. Similar comments apply to the results 

for the temperatures in the back of the room, shown in Fig. I28. 
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I6.4.4 Target heat fluxes and temperatures  

The heat flux results are presented in Fig. I29 for four locations. For the steel (WS1), 

concrete (WS3), and surface mounted heat flux gauge, the predictions show very good 

agreement with the data until the time when oxygen depletion occurs. Since oxygen 

depletion occurs sooner in the simulation, the predicted heat fluxes also decrease 

sooner than the measured values (as expected).  

The heat flux results for the aerated concrete probe do not show as good agreement as 

the results for the other targets. The predicted values are roughly 20 kW/m2 higher than 

the data. The reason for this could be that the predicted flame shape is not tilted toward 

the back of the room as much as in the experiment. The enhanced turbulence of the 

BVG model increases the turbulent viscosity, which does not allow the flame shape to 

be as readily tilted backward by the incoming fresh air flow. 

The target surface temperature results are presented in Fig. I30. The agreement with 

data is about the same for the BVG results as for the standard k-ε model results. 

During the pre-oxygen depletion period, most of the BVG results are similar to the 

results for the simulation with the standard k-ε model. There are 3 exceptions to this 

statement: 1) the oxygen depletion occurs faster with the BVG model, 2) the 

temperatures low in the plume are better predicted, and 3) the lower doorway velocity 

is more accurately predicted. All of these are attributable to the inclusion of buoyancy 

generated turbulence by the BVG model.  
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I7 Discussion  

The results presented were obtained without any 'tuning' of parameters, using only a 

single 'best estimate' of the inputs. In this sense, they are indicative of the level of 

agreement that can be expected in typical applications where there are no 

experimental data available. This approach is consistent with the ICFMP philosophy. 

The agreement between simulation and experiment is best discussed in terms of 2 time 

periods: pre-oxygen depletion and post-oxygen depletion. For the pre-oxygen depletion 

period, the fire behaves essentially as an open pool fire in a cross-wind (due to the 

doorway inflow effect). For this period of time, the code predictions are generally in 

good to reasonable agreement with the data. Following oxygen-depletion of the fire 

room, the fire becomes ventilation limited. The agreement between code and 

experiment during this period (the post-oxygen depletion period) is generally not as 

good. The lack of agreement is not believed to be due to the inability of the code to 

simulate this environment, but more due to the lack of specificity of the airflow 

pathways. In the post-oxygen depletion period, the fire begins to burn wherever it finds 

available oxygen. For this experiment, available oxygen would be found at the doorway 

and at any leakage paths into the fire room. Since these pathways were difficult to 

characterize as to location and size, good agreement would not be expected for this 

time period. For the post-oxygen depletion period, the predicted temperatures are 

lower than those measured. This suggests (as with the oxygen depletion occurring too 

soon in the simulations) that leakage into the compartment was under-estimated in the 

simulations. 

The sources of discrepancies in the results are difficult to identify, and in this regard the 

results of this exercise are not very satisfying. Without a rigorously controlled and 

documented experiment, it is impossible to separate out modeling uncertainty from 

measurement uncertainty. One cannot ascertain whether the source of discrepancy is 

something incorrect in the code, or if the discrepancy arises because the problem 

being modeled differs from what existed in the experiment. Several possibilities can be 

put forth, but it is impossible to pin down the source of a discrepancy in such cases. 

For example, the inability to rigorously determine leakage into the compartment, and 

the location of that leakage, makes it impossible to determine if premature oxygen 

depletion in the simulations occurs as a result of too fast burning by the combustion 
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model, or as a result of incorrect boundary conditions for the inflow3. Similarly, the 

source of the discrepancy in the thermal response of the surface of the targets can not 

be ascertained unless the surface properties and temperature dependency of the 

thermal properties are well-characterized. Use of a multi-component fuel in the 

experiments resulted in additional ambiguity in the problem specification. With such 

important inputs to the code not well characterized, this particular experiment does not 

serve as a good validation exercise for a specific code. 

The early oxygen depletion in the simulation results is believed to be indicative that 

some input from the experiment is not being specified properly in the code (as opposed 

to there being something wrong with the code itself). Since Vulcan conserves mass, 

species, energy, and momentum, early oxygen depletion in the simulation results is 

indicative that a leakage pathway was not correctly specified, or that the assumed 

ventilation rate was incorrect. As mentioned above, the ventilation rate discrepancy 

appearing in the experimental description was eventually clarified by the 

experimentalists, and should not be the reason for the early oxygen depletion observed 

in the simulations.  

Having made the above statements, it is also acknowledged that one of the goals of 

the ICFMP was to examine the level of predictive capability for situations where a user 

does not accurately know all of the input details (such as leakage pathways, surface 

thermal properties, etc.). In this sense, the experiments provided results with the 

desired level of accuracy for the purposes of the ICFMP.  

                                                 

3 For most NPP fire applications, the amount of leakage into a room will be very difficult to rigorously 
ascertain (as a result of pipe chases, penetrations, seals, etc.). If the simulation results are indeed 
strongly sensitive to the amount of leakage, this has strong implications for the confidence one can 
place in the results of simulations for oxygen-limited fires (since rigorous specification of the leakage is 
difficult for most real NPP fire applications). Further study would be needed to determine the sensitivity 
of the code results to the leakage specification. 
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I8 Conclusions  

The Vulcan fire code was used to simulate Benchmark Exercise No. 4, Test 3 of the 

ICFMP. Best estimates were used for the inputs. Oxygen depletion was observed to 

occur significantly sooner in the simulations than in the experiment. The agreement 

between simulation and experiment is best discussed when separated into 2 time 

periods: pre-oxygen depletion, and post-oxygen depletion of the room. Prior to oxygen 

depletion, very good agreement was obtained for pool mass loss rate and the majority 

of heat fluxes to targets. The agreement was not as good for thermocouple 

temperatures, target thermal response, and doorway velocities. For times that are post-

oxygen depletion, the agreement is generally not as good as for the pre-depletion 

period. This is understandable since the post-oxygen depletion environment is highly 

dependent upon the locations and amounts of leakage into the compartment. A fine 

mesh simulation produced essentially the same results as with the coarse mesh, 

suggesting the coarse mesh results were adequate. The inclusion of buoyancy 

generated turbulence in the simulations did not change the results substantially, but did 

improve the prediction of temperature low in the plume and the lower doorway velocity, 

while resulting in even faster oxygen consumption (relative to the standard k-ε model). 

The sources of discrepancies between the predictions and data could not be 

definitively resolved due to uncertainties in the experiment and documentation. These 

discrepancies are believed to be primarily due to inputs to the code being significantly 

different than existed in the experiment. In that context this experiment is not 

recommended for code validation purposes, but does provide useful information 

regarding the potential uncertainties in code predictions when key inputs (e.g., leakage 

paths) are not accurately specified.  
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I11 Figures  

 

 

 

Fig. I 1 Wire frame sketch of fire room, showing pan of fuel on floor, barrel-type 
container against back wall, sidewall targets, doorway/window part-way up 
the front wall, and two ventilation duct outlets near ceiling (back wall). Hood 
is not shown for clarity.  
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Fig. I 2  Geometry model (walls removed), including hood (object on the right). 
Cylindrical barrel is at back of room, opposite the doorway. Tops of 
ventilation channels in ceiling are denoted by yellow panels in ceiling of 
uppermost object.  

 

 

Fig. I 3 Non-uniform coarse grid used for fire room (front wall removed for clarity); 
view is looking toward the back wall. Note: x-axis is from left to right; y-axis 
is into the page; z-axis is from bottom to top of page.  
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Fig. I 3  Mass loss rate (calculated) vs. experiment. "Vulcan KE" designates the 
results of the simulation using Vulcan with the standard k-� turbulence 
model.  

 

Fig. I 4  Mass loss rate (smoothed) vs. experiment. "Vulcan KE" designates the 
results of the simulation using Vulcan with the standard k-� turbulence 
model.  
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Fig. I 5  Oxygen percentage in fire room vs. experiment for simulation with 
calculated mass loss rate. "Vulcan KE" designates the results of the 
simulation using Vulcan with the standard k-ε turbulence model.  
 

 

Fig. I 6  Doorway velocities vs. experiment for simulation with calculated mass loss 
rate. "Vulcan KE" designates the results of the simulation using Vulcan with 
the standard k-� turbulence model.  
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Fig. I 7  Plume temperatures vs. experiment for simulation with calculated mass 
loss rate. "Vulcan KE" designates the results of the simulation using Vulcan 
with the standard k-� turbulence model.  

 

Fig. I 8  Front room temperatures vs. experiment for simulation with calculated 
mass loss rate. "Vulcan KE" designates the results of the simulation using 
Vulcan with the standard k-� turbulence model.  
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Fig. I 9 Back room temperatures vs. experiment for simulation with calculated mass 
loss rate. "Vulcan KE" designates the results of the simulation using Vulcan 
with the standard k-� turbulence model.  

 

Fig. I 10  Heat flux to gauge embedded in sidewall vs. experiment for simulation with 
calculated mass loss rate. "Vulcan KE" designates the results of the 
simulation using Vulcan with the standard k-� turbulence model.  
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Fig. I 11  Heat flux to targets vs. experiment for simulation with calculated mass loss 
rate. "Vulcan KE" designates the results of the simulation using Vulcan with 
the standard k-� turbulence model.  

 

Fig. I 12  Surface temperatures of targets vs. experiment for simulation with 
calculated mass loss rate. "Vulcan KE" designates the results of the 
simulation using Vulcan with the standard k-� turbulence model.  
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Fig. I 13  Fine mesh mass loss rate (smoothed) vs. experiment for simulation with 
calculated mass loss rate. "Vulcan KE" designates the results of the 
simulation using Vulcan with the standard k-� turbulence model.  

 

Fig. I 15  Fine mesh oxygen percentage in fire room vs. experiment for simulation 
with calculated mass loss rate. "Vulcan KE" designates the results of the 
simulation using Vulcan with the standard k-ε turbulence model.  
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Fig. I 16  Fine mesh plume temperatures vs. coarse mesh results for simulation with 
calculated mass loss rate.  

 

Fig. I 17 Fine mesh heat flux to targets vs. coarse mesh results for simulation with 
calculated mass loss rate.  
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Fig. I 18  Fine mesh surface temperatures of targets vs. coarse mesh results for 
simulation with calculated mass loss rate.  

 

Fig. I 19  Oxygen percentage in fire room vs. experiment for simulation with specified 
mass loss rate. "Vulcan KE" designates the results of the simulation using 
Vulcan with the standard k-� turbulence model.  
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Fig. I 20  Doorway velocities vs. experiment for simulation with specified mass loss 
rate. "Vulcan KE" designates the results of the simulation using Vulcan with 
the standard k-� turbulence model.  

 

Fig. I 21  Plume temperatures vs. experiment for simulation with specified mass loss 
rate. "Vulcan KE" designates the results of the simulation using Vulcan with 
the standard k-� turbulence model.  
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Fig. I 22  Heat flux to targets vs. experiment for simulation with specified mass loss 
rate. "Vulcan KE" designates the results of the simulation using Vulcan with 
the standard k-� turbulence model.  

 

Fig. I 23  Surface temperatures of targets vs. experiment for simulation with specified 
mass loss rate. "Vulcan KE" designates the results of the simulation using 
Vulcan with the standard k-� turbulence model.  
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Fig. I 24 BVG simulation: Oxygen percentage in fire room vs. experiment for 
simulation with specified mass loss rate.  

 

Fig. I 25  BVG simulation: Doorway velocities vs. experiment for simulation with 
specified mass loss rate.  
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Fig. I 26  BVG simulation: Plume temperatures vs. experiment for simulation with 
specified mass loss rate.  
 

 

Fig. I 27  BVG simulation: Front room temperatures vs. experiment for simulation 
with specified mass loss rate. 
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Fig. I 28  BVG simulation: Back room temperatures vs. experiment for simulation with 
specified mass loss rate.  

 

Fig. I 29  BVG simulation: Heat flux to targets vs. experiment for simulation with 
specified mass loss rate.  
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Fig. I 30  BVG simulation: Surface temperatures of targets vs. experiment for 
simulation with specified mass loss rate.  
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J1 Introduction  

The calculations presented here are done with MAGIC V4.1.1b /GAY 06/. The code is 

used in its standard version using input variables corresponding to a normal risk study 

approach. 

MAGIC uses a two-zone model including most of the classic features: 

– Mass loss rate scenario of the fuel on fire  

– Gaseous phase combustion, governed by the properties of emitted products and 

the air supply attributable to the plume flow  

– Smoke production and unburned products  

– The fire plume over each source in various configurations  

– Heat exchange by convection and radiation between the flame, air, hot gas layer, 

walls, and environment  

– Natural flows through the openings  

– Forced or natural ventilation  

– Thermal behavior and reaction of critical elements  

– Thermal behavior and combustion of electric cables  

– Water spray from sprinklers  

The results of the numerical simulations are compared with two experiments performed 

at the IBMB Laboratory. 

Two tests, called Test 1 and Test 3, are proposed to the participants (Fig. J1). Both are 

based on a fire compartment with a floor size of 3.6m×3.6m and a height of 5.7m. A 1 

m2 pool of kerosene is located in the middle of the floor. In the first experiment, the door 

is completely open with a free cross section of 0.7×3 m. In the second one, the opening 

is partly closed and the free cross section is reduced to 0.7×1 m.  

Nota: the calculations for Test1 are the same than the one performed with Magic in the 

NRC NUREG 1824 report (V&V report /SAL 06/).  
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Fig. J1 The proposed cases 1 and 3 (as represented in MAGIC)  
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J2 Input Parameters and Assumptions  

Most of input data is given in the benchmark BE#4 specifications /KLE 03/. 
Specific assumptions and input parameters are reported in the following sections.  

J2.1 Geometry  

Simplifications have been made, based on typical assumptions for fire risk study in 

NPP /KAS 02/ and similar to those proposed together with F. Joglar Billoch in NUREG 

1824 /SAL 06/. As shown in Fig. J2, the compartment geometry is fairly simple, con-

sisting in a parallelepiped with 3.6 m deep, 3.6 m wide and 5.53 m high.  

The air volume above the ceiling is respected.  

The floor is constructed from 0.3 m of concrete and the aerated concrete is simulated 

as a uniform 0.43 m layer in order to conserve the volume. The different layers of the 

walls are dully represented as Magic allows the description of multi-layer walls.  

The distances between targets or openings and fuel surface are conserved.  
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Fig. J2 Side view of OSKAR compartment - comparison to MAGIC representation  

J2.2 Ventilation  

The hood above the front door is not modelled. A simplification for the ventilation is 

made, only one global exhaust vent is considered. It is located at the middle of the ceil-

ing and modelled as a 0.67 m diameter cylinder. As far as the vent is an exhaust and 

the ceiling has been simplified, this simplification has no significant effect on results. 

J2.3 Combustible  

The fuel is modelled as a circular fire with a 1.12 m diameter and a combustion heat of 

42800 J/g. It is located at the center of the compartment and at 0.1 m of the floor. Cal-

culations are achieved with the pyrolysis rate measured during the experiments, based 

on the smoothed data provided by iBMB (Fig. J3). The lower oxygen limit is fixed to 0 

% which is the EDF recommended value. The radiation part is set to 0.35 (typical value 

for kerosene). 
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Fig. J3 Pyrolysis rate: Test 1 and Test 3  

J2.4 Wall Temperature  

Wall temperatures are measured with targets located on walls (M19 and M20).  
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J3 Comparison of Code Predictions with Experimental Re-
sults  

In this part, the values calculated by MAGIC are compared to experimental results. The 

targets have the same depth and composition as the wall.  

J3.1 Heat release rate  

Heat release rate in Test 1 is in good agreement with the experimental results.  

In Test 3, there is a significant difference during the HRR peak. The experiment data is 

not a measurement but the product of measured pyrolysis rate and heat of combustion. 

Therefore it cannot be considered as valid in this confined test. Unburned gas appears 

in the simulation, due to oxygen depletion. In Test 1 there is no strong oxygen deple-

tion so the comparison can be made (see Fig. J4).  
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Fig. J4 Heat release rate: Test 1 and Test 3  

J3.2 Layer height  

There is a significant difference in the smoke layer height between calculations and 

experiment. The experimental layer height is measured with thermocouples at different 

levels, with the lowest elevation at 1.5 m. The Tests 1 and 3 don’t provide values of 

smoke layer heights below 1.5 m which cannot be considered as valid, neither the 

lower layer temperature. In MAGIC calculations, the upper layer begins at the level of 

the ceiling and rapidly decreases to roughly 0.5 m.  
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Fig. J5 Layer height: Test 1 and Test 3  

At the end of the test, Magic predicts logically that the layer height should get back to 

the ceiling, due to persisting outflow at the vent. The experimental value is questioning. 
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J3.3 Layer average temperatures  

For the Test 1, the upper layer temperature is almost similar to the experience while it 

is under the experimental data in the Test 3.  

For the reasons seen previously for the layer height calculation, the experimental lower 

layer temperature, which appears colder than calculated data, should not be consid-

ered as valid. 

In Test 1, upper layer temperature is similar for calculated and measured results. 

In Test 3, upper layer temperature is higher in the experiment than in the calculation, 

which indicates that the combustion efficiency has been higher in the experiment, even 

if the HRR peak is not confirmed.  

It seems that unburned gas was produced in the test, as predicted, even if no meas-

urement has been made to confirm. Nevertheless it seems that more oxygen was avail-

able than calculated, maybe due to a higher mass flow at the door. Again this cannot 

be confirmed by some measurement. The effect of the hood on the outside door pres-

sure could be a factor.  



J - 11 

0

100

200

300

400

500

600

700

800

0 5 10 15 20 25 30 35
Time (min)

MAGIC Fire : Upper layer temperature
Tup
MAGIC Fire: Lower layer temperature
Tlow

 

0

200

400

600

800

1000

1200

0 10 20 30 40

Time (min)

Te
m

pe
ra

tu
re

 (C
)

MAGIC Fire: Upper layer temperature
Tup
MAGIC Fire: Lower layer temperature
Tlow

 

Fig. J6 Upper and lower temperature: Test 1 and Test 3  
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J3.4 Wall surface temperature  
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Fig. J7 Wall surface temperature: Test 1 and Test 3  

J3.5 Heat flow to the walls  

The calculations for heat flux to the wall are quite high in Test 1.  
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In Test 3, the flux is similar to the measurement. Knowing that the layer temperature is 

under-estimated, it indicates that MAGIC over predicts those fluxes here.  

An important information missing is the soot concentration or the extinction coefficient 

in the upper layer. Benchmark No. 3 has shown that confined conditions could affect 

the soot production rate.  
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Fig. J8 Heat flow to the walls: Test 1 and Test 3  
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J3.6 Steel target, Concrete target and Light concrete target  

J3.6.1 Temperature on targets  

Calculated target temperatures are generally higher than measurements. For some 

targets in Test 3, calculation results are similar to measurement.  
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Fig. J9 Steel target temperature: Test 1 and Test 3  
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Fig. J10 Concrete target temperature: Test 1 and Test 3  
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Fig. J11 Light Concrete target temperature: Test 1 and Test 3  
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J3.6.2 Flux on targets  

Flux can be correct in Test 3 but they are significantly higher than measurement in Test 

1. 
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Fig. J12 Total flux to Steel target : Test 1 and Test 3  
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Fig. J13 Total flux to Concrete target: Test 1 and Test 3  
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Fig. J14 Total flux to Light Concrete target: Test 1 and Test 3  
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J3.7 Flame and Plume temperatures  

Magic temperature in the flame appears excessively high in the flame zone (M2 and 

M4 appear in the flame zone in the calculation, M6 is between flame and plume). Val-

ues superior to 2000 °C cannot be considered as realistic. On the contrary, experimen-

tal value seems to be somehow low.  
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Fig. J15 Plume temperature: Test 1 and Test 3  
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J3.8 Oxygen concentration  

The oxygen concentration predicted by MAGIC seems lower than the experimental 

results. In fact, the direct comparison is not really possible because the results given by 

sensor GA1-O2 indicate a local rather than an average layer value.  
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Fig. J16 Oxygen concentration: Test 1 and Test 3   
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J4 Parametric Study  

J4.1 Heat release rate  

A general assumption for fire risk studies is to use Babrauskas coefficients for HRR 

steady stage and a dynamic stage following a α t2 law. Here for a kerosene fire 

/BAB 02/:  

ΔHc = 43.2 MJ.kg-1; ∞′′m& =0.039 kg.m-2.s-1 ; kβ =3.5 m-1  

Comparison to the HRR observed in the experiment shows that the real mass loss rate 

is far higher than the Babrauskas law prediction. Concerning fire risk study 

implications, this fact is mitiged by the fact that the Benchmark No. 4 room materials 

are thermally resistant, which is not the case ingeneral for NPP.  

0

500

1000

1500

2000

2500

3000

3500

4000

-5 5 15 25 35
Time (min)

H
ea

t r
el

ea
se

 ra
te

 (k
W

)

Exp 1:Theoritical heat release
rate
MAGIC:  alphat2 +

 

Fig. J17 Heat release rate: Test 1  
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J4.2 Effect of light concrete floor  

The effect of taking into account or not the aerated concrete floor is evaluated in Fig. 
J18. A difference of about 80 °C is obtained on the upper layer temperature, which 

demonstrates the importance of the building materials on gas temperature levels.  
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Fig. J18 Hot gas layer temperature: Test 1  
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J5 Conclusions and Remarks  

MAGIC results appear more relevant in Test 1 (open door) than in Test 3 (semi-closed 

door). In Tests 1 gas temperature are realistic while target temperature and flux can be 

significantly over-estimated. In Test 3 gas layer temperature is little under-estimated, 

while condition on targets are in good prediction.  

Indeed, in Test 3, the configuration induces more complex phenomena: the reduction 

of the opening cross section involves under-ventilated conditions. It seems that the 

flame was inclined to the door in the experiment. These phenomena are not repre-

sented in MAGIC.  

Some experimental data appears to be questionable especially HRR in Test 3 and in-

terface height. Some measurement like soot concentration or mass flow rate through 

the door are missing for a better understanding of the phenomena.  

Information on the vent system would have permitted a more "fire risk study" approach 

of the test, by modelling also this system. Especially in Test 3, the ventilation due to the 

vent is comparable to the one due to the door (in calculation and probably in the test). It 

seems that the door circulation is under estimated by the calculation, maybe due to the 

hood effect.  
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J6 General Conclusions and Recommendations  

We try to answer here - briefly - to the outline recommendation topics for conclusion.  

What are the capabilities and strengths of the fire model for these specific scenarios?  

 Most of the results obtained by EDF are acceptable. When they differ sensibly 

with experimental data they are generally conservative.  

What are the weaknesses and limitations of the fire model for the specific scenarios?  

 Predictions are less reliable in Test 3 were strong confinement and door inter-

actions are strong.  

Can the model be used with sufficient confidence for engineering analysis of this type 

of problem?  

 Yes as far are typical observed values are gas or target temperatures, flux on 

surface, and higher values considered as conservative.  

Are there any specific elements of the model that needs improvement for simulating the 

types of scenarios in this exercise?  

 Possibly on soot production and door/flame interaction but experimental data is 

missing to confirm that fact.  

Is there a need for a more advanced model (e. g. CFD compared to zone) for predict-

ing specific aspects of this scenario?  

 Best estimation of the flame zone location should be obtained from CFD calcu-

lation  

Could more simple models (e.g. hand calculations) be adequate for some aspects?  

 Probably, depending in the observed results  

Discuss any limitations of the two-zone approximation used in zone models in model-

ling the phenomena in the scenarios of the benchmark exercise  
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 Done in the previous chapters.  

What additional type of validation is necessary to determine the accuracy (uncertainty) 

of the model predictions for these specific scenarios?  

 See §J5  

Identify the necessary knowledge required for the proper use of the model for these 

scenarios by engineers? Provide information that will be useful to other users that 

would prevent major errors in their use of the code for this specific problem?  

 See §J4: appropriate data for mass loss scenario is necessary here.  
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